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THE EVOLUTION OF HYDROGEN FROM THE 

CATHODE AND ITS ABSORPTION BY 

THE ANODE IN GASES.^ 

By Clarence A. Skinner. 

WHILE making an experimental study of the cathode fall of 
various metals in helium it was observed that no matter how 
carefully the gas was purified the hycfrogen radiation, tested spec- 
troscopically, persistently appeared in the cathode glow. Simulta- 
neous with this appearance there was also a continuous increase in 
the gas pressure with time of discharge. This change in gas 
pressure was remarkable because of its being much greater than 
that'which had been observed under the same conditions with either 
nitrogen, oxygen, or hydrogen. 

Now the variation in the cathode fall with current density and 
with gas pressure in helium was found to be so like that obtained 
earlier with hydrogen^ that it appeared necessary to maintain the 
helium free of the latter in order to make sure that the hydrogen 
present was not the factor causing this similarity in the results. 
Futile endeavors to attain this condition led to the present investi- 
gation, which locates the source of the hydrogen in the cathode^ shows 
that the quantity of hydrogen evolved by a fresh cathode obeys Fara- 
day's law for electrolytes, and that a fresh anode absorbs hydrogen 
according to the same law, 

» Read in part before the Am. Phys. Soc. at Philadelphia, December, 1904. 
sPhil. Mag., September, 1904. 
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Preparation and Apparatus. 
Helium was obtained by heating dr>'^ clevite. The gases thus 
generated stood for some time in tubes containing respectively 
crushed potassium hydrate and phosphorus pentoxide. From these 
it was passed into a final purifying chamber consisting of a discharge 
tube possessing for a cathode an alloy of sodium and potassium, 
which according to Mey^ absorbs nitrogen, oxygen, and hydrogen 
leaving only argon as an impurity in the helium. From this 
chamber the gas was passed at will into the regular discharge tube 
containing as electrodes the metals to be tested. 

Fig. I represents a vertical section of this discharge tube ending 
below in a larger cylindrical chamber (axis vertical), the whole of 

glass construction. Ten elec- 
trodes E (circular disks 1 5 mm. 
in diameter) were attached to the 
face of a circular glass plate at 
equal intervals by hard rubber 
caps K (see also plan in Fig. 2). 
This glass plate, mounted in the 
cylindrical chamber, could be 
rotated about its axis by the key 
introduced through the ground 
joint y, and by this means any 
electrode brought into position 
at the lower end of the discharge- 
tube. A hard-rubber disk Z?, 
studded with brass rivets C and 
fixed to the circular plate, served 
—A to complete the electric circuit 
from F through the metal collar 
and attached spring-brush B to 
the tinfoil strip leading to its 
corresponding electrode E, By 




Figs. 1 and 2. 



this device all electrodes, with the exception of the one in use, 
were isolated from the circuit. To confine the discharge solely to 
the face of the electrode, a second circular glass plate properly cut 

» K. Mey, Ann. d. Physik (4) 11, p. 127. 
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was pressed closely on top of the first, covering the tinfoil strips and 
fitting the rim of the electrodes. Leakage from the brush B to the 
gas was avoided by reducing the space between the upper face of 
the electrode-plate and the roof of the chamber to about .5 mm. 
thickness. The discharge-tube was 3 cm. in diameter and about 20 
cm. long. All permanent joints of this apparatus which could not 
be fused were cemented first with water-glass (sodium silicate), then, 
in addition, they were covered on the outside with de Khotinsky's 
laboratory cement. The base-plate A^ which had to be removed to 
allow for repolishing the electrodes, was sealed by simply applying 
the latter cement on the outside of the juncture, care being taken 
that it did not extend to the inner part. This tube proved to be in 
all cases absolutely airtight. 

In connection with this discharge-tube which will be designated 
as the electrode-tube, was a second Na,K purifying chamber which 
usually remained in open connection with the electrode-tube so that 
impurities in the gas filling could be absorbed by simply passing 
a current from the Na,K as cathode. This allowed also a careful 
test to be made for any absorption of helium during the operations. 

Customary precautions against the presence of moisture were 
taken. The system on first evacuation remained open to P^O^ as 
dryer at least twenty-four hours, but after that time during all qnan- 
titative tests the drying chamber was cut off by a stop cock. Any 
moisture appearing, however, would have been wholly removed by 
the purifying discharge. 

Stop cocks and ground joints were lubricated with a mixture of 
vaseline, rubber and paraffine recommended by Travers * as being 
free of hydrocarbons. 

A McLeod gauge served to measure the gas pressure, magnify- 
ing it one hundred times. 

The electric current was furnished by a battery of small accumu- 
lators and measured by a Weston milliammeter. 

Hydrogen is Evolved Solely from the Cathode. 
Out of various experiments the following are given as represen- 
tative of the results obtained. 

> The Experimental Study of Gases. 
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Helium was prepared and purified and described above. A 
spectroscopic observation of the discharge in the first Na,K cham- 
ber revealed only the lines of helium and argon. 

Electrodes of ten different metals having been polished and 
mounted in the electrode-tube, this with the second Na,K tube 
and connected chambers was evacuated and left over night open to 
the PjOj drying chamber. The evacuation was carried the next 
day to about one thousandth of a millimeter after which the drying 
chamber with pump was cut off from the rest of the system. 

Helium was then admitted to the electrode tube and connecting 
chambers at a pressure of about three millimeters of mercury. In 
order to remove the last trace of foreign gases a discharge was 
passed for some time through the second Na,K tube. The pres- 
sure of the gas under this discharge remained unchanged, showing 
that the spectroscopic test made in the first Na,K tube was relia- 
ble. 

An electric current of 2 ma. was now passed from one of the 
electrodos E (Figs, i and 2) as cathode and immediately the spec- 
trum of hydrogen appeared in the cathode glow.* The gas pres- 
sure also increased continuously with the time the current was 
maintained. After running about three quarters of an hour the rate 
of evolution of gas became very small. This extra gas evolved 
(for silver about .2 c.c. at atmospheric pressure) could be absorbed 
by the Na,K discharge in about an hour.* If at the end of this 
time a current was passed through the tube as before the gas pres- 
sure began to increase as at first, but dropped within a very short 
time to a low rate of evolution. If now at this point a new metal 
were used as cathode there took place as usual a continuous in- 
crease in gas pressure — the rate of evolution of gas being the same 
for all fresh cathodes. This experiment repeated at various times 
and with different metals showed beyond doubt that the source of 
gas was solely in the cathode. 

Sixteen different kinds of metals have been tested as cathodes 

> No trace of the hydrogen spectrum appears at any other part of the discharge. The 
helium radiation itself is obliterated by the argon in the positive column. See Nutting, 
Bureau of Standards Bulletin, Vol. I, No. I. 

2 It was always observed that under this purifying discharge the gas pressure returned 
to, but never went below, its original value — this showing very definitely that helium 
did not disappear from the gas filling during any of the operations. 
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and all except two found to give off hydrogen at a measurable rate. 
The exceptions were the Na,K alloy which as cathode absorbs 
hydrogen, and mercury which was distilled in vacuo, then tested 
without having been in the meantime exposed to the atmosphere. 

While studying previously the electrode fall in nitrogen, oxygen 
and hydrogen the gas pressure was found to change very differ- 
ently with the different gases. Nitrogen increases slowly with the 
time the current has been passing ; oxygen, open to a drying cham- 
ber, decreases at a marked rate ; while hydrogen was seldom found 
to change appreciably, though there were occasions where a slight 
increase was recorded even with hydrogen. If now hydrogen is 
liberated from the cathode in all gases we should expect in nitro- 
gen an increase in gas pressure arising from the formation of am- 
monia, which takes place when a discharge passes through a mix- 
ture of nitrogen and hydrogen. In this case the rate of increase in 
gas pressure, compared with that in helium, is small since six 
atoms of hydrogen would be required to change one molecule of 
nitrogen into two molecules of ammonia, while in chemically inac- 
tive helium one new molecule of gas is formed from two atoms of 
hydrogen. Likewise with oxygen water vapor would be formed 
and absorbed by the dryer, in which case four atoms of hydrogen 
would cause a decrease of one molecule in the gas filling. Of 
vital interest therefore must be the fact that in hydrogen there is 
practically no change in the gas pressure when a current passes 
through it. Experiments described below indicate that in this case 
the anode absorbs at the same rate as the cathode Evolves the 
hydrogen. Hence we conclude that in all gases hydrogen is 
evolved from the cathode. 

It is rather remarkable that other gases are not present to an ap- 
preciable extent. Only in a few cases and that on first usage after 
polishing has a trace of nitrogen also been observed. Aluminium 
and tin were noted as giving off a trace of nitrogen. 

The Metal Recovers a Supply of Hydrogen by Diffusion 

FROM Within. 

An endeavor was made to deplete the metals of their supply of 
hydrogen by passing from them as cathode a current for a sufficient 
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length of time, but it was soon found that they recovered more or 
less rapidly from their apparently depleted condition. Silver which 
exhibits this property of recovery to a high degree happened to be 
the first metal tried and it was so persistent in regaining its original 
store that other metals have received comparatively slight attention 
though all have been observed to possess within themselves the 
property of recovering to a certain degree their ability to give off 
hydrogen. 

With a freshly polished metal as cathode the gas pressure in- 
creases at first at a constant rate, but after a time this rate begins to 
drop off until the pressure appears to have reached a constant 
maximum value. Silver was depleted in this way giving off about 
two tenths of a cubic centimeter (measured at atmospheric pressure) 
of hydrogen. The current was then broken and the hydrogen ab- 
sorbed by the Na,K cathode. After standing in the helium over 
night then tested again the next morning it was found to have a 
new supply equal to the one given up the day before. Without 
allowing it any chance of regaining hydrogen from an external 
source it was thus depleted six or eight times during the course of 
two weeks and found to give off at each time about the same 
amount of gas. With an hour's rest only a slight recovery was 
noticed.^ 

After this series the silver was removed from the tube, repolished, 
then tested again with the same results. Altogether about two 
cubic centimeters of gas have been given off by this silver disk, 
which is 1 5 mm. in diameter and about one millimeter thick. It 
shows no sign of having its supply of hydrogen reduced in the 
least. There are other metals of which cadmium is an example 
which seem to possess more of a surface charge of hydrogen. This 
metal, however, seems to reach an apparently depleted condition 
before the hydrogen it really possesses (measured by vaporizing the 
surface) is half gone.' 

» H. A. Wilson has observed a similar recovery in case of the escape of negative elec- 
tricity from hot platinum. Phil. Trans., 202, p. 243, 1903. 

* A single experiment was performed in which the surface of a cadmium cathode was 
vaporized by an extra large current. The cathode gave off about one third of a cubic 
centimeter of gas with the first vaporization. With a second an inappreciable quantity 
was freed as if its supply had been exhausted. 
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Just what takes place, therefore, causing the metal to appear de- 
pleted is not clear. Undoubtedly the tarnish which appears on the 
surface of all metals as cathode plays a part in decreasing the dif- 
fusion of hydrogen outward from metal into gas. It is natural to 
suppose that with this present, the hydrogen after discharging to 
the positive gas ion which has penetrated this film, diffuses more 
readily back into the metal than outward through the film. Thus 
it has been noted that those metals, like silver, which tend to keep 
clean by the process of dusting off onto surrounding bodies will 
completely recover with rest, while aluminium for example, which 
under first usage gives off hydrogen with remarkable freedom, but 
which does not dust off appreciably, recovers but slightly after its 
surface becomes once tarnished. 

All metals are renewed by being repolished, but whether this 
arises wholly from cleaning the surface of the metal or partly also 
from exposure to the moist atmosphere remains undecided. The 
kind of polish used does not seem to affect the results. 

This question of depiction is considered again in connection with 
the experiments on steel cathodes differing greatly in discharge area. 

Tested at Low Pressures the Metals do not Absorb 
Hydrogen in the Molecular State. 

It is of first importance to know under what conditions the metals 
gain their store of hydrogen. The metallurgical processes may 
account for it in many cases but it is questionable if all metals 
would retain the gas to such a concentration through the processes 
of fusion to which they are subjected. 

Platinum is a well-known representative of metals which, with 
evolution of heat, absorb hydrogen in large quantities — giving it 
up again as the temperature is raised. Now it may be possible that 
the other metals also absorb hydrogen in relatively smaller quanti- 
ties. The apparatus as it stood allowed a delicate test to be made 
at low gas pressures. Hydrogen was driven out of the different 
metals in the electrode tube to a pressure of about one half milli- 
meter in three millimeters of helium. This was left standing in the 
tube over night. The next day the gas pressure was found un- 
changed. The quantity of hydrogen reabsorbed by the metals was 
less than one twentieth part of the amount the silver alone recovered 
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in that time. This experiment shows that the hydrogen in the 
molecular state is not at such low pressures absorbed by the metals. 
It is, however, by no means conclusive, for, from a thermodynamic 
standpoint we should expect absorption to take place with the pres- 
sure sufficiently great. 

The indications are that in the metal the hydrogen exists in the 
atomic state rather than in the molecular. It is probable, therefore, 
that hydrogen in the atomic state would be readily absorbed by the 
metals while no appreciable amount is taken up if the gas be in the 
molecular state. Some metals, such as platinum and palladium, 
appear able to dissociate and absorb large quantities of hydrogen. 
Any dissociating agent such as water might, therefore, render 
hydrogen in a form readily absorbed by all metals. 

The Quantity of Hydrogen Evolved from the Cathode 
Obeys Faraday's Law. 

Measurements were made of the rate of evolution of hydrogen 
from cathodes of various metals. This was obtained by first 
determining the space occupied by the gas (620 c.c.) and then 
from the increase in gas pressure calculating the quantity of hydro- 
gen given off. Ten electrodes could be tested without opening the 
tube or even changing the gas filling. The metals were freshly 
polished and introduced into the tube which was immediately 
evacuated and left standing open to the drying chamber over night. 
The next day after continued evacuation the drying chamber and 
pump were cut off and helium admitted at the desired pressure. 
Before passing a current through the electrode tube a purifying dis- 
charge was passed through the Na,K tube to assure the removal 
of any trace of foreign gases. After testing one metal the gas 
evolved was absorbed by the purifying discharge, then another metal 
immediately tested. With the exception, therefore, of the lapse of 
time all metals were tested under identical conditions. 

Results with a current of 2 ma. in helium at 3 mm. pressure are 
represented by points in Figs. 3-14, in which the ordinate of each 
point represents the increase in gas pressure while the correspond- 
ing abscissa represents the time the current had been flowing. The 
diagonal line F in each figure shows the calculated increase in gas 
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pressure if Faraday's law for electrolytes should govern the evolu- 
tion. All metals show that the hydrogen is liberated for a time at 
a rate sufficient to carry, as negatively charged atoms, the whole 
current between cathode and gas. After a lapse of time, varying 
in magnitude with the kind of metal used, the rate of evolution 
drops below that required by Faraday's law. The tendency is gen- 
eral for the metals to give off in the first minute a quantity greater 
than that necessary. This extra pressure does not arise from heat- 
ing nor from dissociation of the gas under the current, for these 
effects were found too small to be observable. It is probable that 
the current on ** making" the circuit is extra lai^e, but of such short 
duration as not to be revealed by the ammeter. Experiments with 
hydrogen described below show that it cannot arise from neutral 
gases freed from the electrode and chamber walls. 

Other tests made with helium, down to a pressure of one milli- 
meter, and also with currents varying from one to three milliamperes 
corroborated this law, though experimental conditions were not so 
favorable for making reliable measurements. For with larger cur- 
rents pressure observations could not be read rapidly enough, and 
at lower gas pressures the Na,K cathode does not absorb the last 
trace of hydrogen so that the assurance was lacking that a disturb- 
ing quantity of hydrogen was not already present. The experiments 
were extended, however, to test the effect of a greatly varied current 
density at the cathode. The current density in the experiments de- 
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scribed above was about six times the normal, or minimum, value 
for helium at that pressure. Another experiment was performed 
using a steel wire (diam. 3 mm.) as cathode. With a current of 2 
ma. and pressure of helium 3 mm. the normal discharge area was 
10 sq. cm. The pressure change with this cathode is given by the 
crosses in Fig. 6 ; while that observed with a steel disk (discharge 
area, 1.7 sq. cm.) is represented by circles. The two sets of results 
are practically identical over the whole range. Evidently the de- 
viation from Faraday's law, being the same with both cathodes, can- 
not be ascribed simply to exhaustion of the store of hydrogen, for 
in that case the wire should have kept up about six times as long 
as the disk. If, on the other hand, it be ascribed to tarnish alone, 
this ^ust take place at a rate which is the same for greatly different 
current densities. Another possible factor is the absorption of hy- 
drogen by the anode, but since the quantity here makes up less than 
one per cent, of the gas filling anode absorption could not be ex- 
pected to play an appreciable part. The difference in results from 
the different metals also precludes this as a possible explanation. 

A comparison of the length of time the different metals follow 
Faraday's law in furnishing hydrogen brings to light an interesting 
relation between this and their cathode fall when fresh. It is a well- 
known fact that aluminium and magnesium possess in all gases 
a lower cathode fall than the rest of the more electronegative 
metals. In several of the foregoing figures is given the cathode fall 
(obtained during another series of experiments) of the fresh metal 
in helium under a current of 0.6 ma. and gas pressure of 2 mm. 
With the difference in cathode fall aluminium and magnesium are 
to be distinguished from the other metals in a more striking man- 
ner by the freedom with which they continue to give off hydrogen. 
These results suggest that there must be an intimate connection be- 
tween the cathode fall of the fresh metal and the length of time the 
metal holds up in furnishing hydrogen. Though the quantity of 
hydrogen possessed by such metals as platinum and silver is much 
greater than that possessed by aluminium and magnesium, we find 
the latter give off during a fifteen-minute run about twice as much 
as the former, indicating that the cathode fall must be affected to no 
small extent by the rate with which the hydrogen diffuses through 
the metal. 
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In Hydrogen the Anode Absorbs at the Same Rate the 
Cathode Evolves It. 

Reference has already been made to the fact that earlier obser- 
vations with a hydrogen filling show only occasionally a slight in- 
crease in gas pressure. Thinking it probajble that we have in this 
case to do with absorption by the anode neutralizing the evolution 
. from the cathode a test was made to see what takes place under a 
longer run than was made in earlier experiments. With the silver 
disk as anode and an aluminium wire, of about half the discharge 
area of the silver, as cathode, a current (2 m.a.) was passed 
through hydrogen at pressure 3.45 mm. and pressure measure- 
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ments made at definite intervals. The observed change is repre- 
sented by the curve in Fig. 15. During the first three minutes of 
discharge the gas pressure remained practically unchanged, but at 
the end of that time it began to increase at a measurable rate. The 
most natural explanation of these results seems to be that of anode 
absorption. At first the anode absorbs all negative atoms discharg- 
ing to it. These do not diffuse into the metal as rapidly as they 
are given off by the cathode, therefore the concentration in the 
anode surface increases up to a point where uncharged atoms dif- 
fuse out again into the gas. Beyond this point the curve would 
therefore represent the difference between the rate of diffusion out 
of the cathode and that into the anode. 

If this be the correct explanation the effect should be magnified 
by taking an anode of much smaller discharge area than the cathode 
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possesses. This experiment was tried. The cathode was the disk 
of aluminium used in the experiments described above. For anode 
an aluminium wire sheathed with glass tubing was used giving a 
discharge area something less than one tenth that of the cathode. 
Observations were made in hydrogen as before (current 2 ma., 
gas pressure 3 mm.). The results given in Fig. 16, curve A, sub- 
stantiate the supposition just expressed. The pressure begins to 
increase before the discharge has continued one minute. The form 
of the curve is that which might be expected as a difference be- 
tween cathode evolution and anode absorption. Assuming that the 
cathode gives off" hydrogen at the same rate here as in helium (rep- 
resented by curve B) the curve C, representing anode absorption is 
obtained as the difference between the A and B curves, the anode 
absorption tending to reduce the gas pressure by the amount indi- 
cated. The general form of this curve appears to be the same as 
that given by cathode evolution in helium. Here the line F repre- 
sents absorption demanded by Faraday's law. These experiments 
indicate therefore that ifi hydrogen a fresh anode absorbs gas at a 
rate also determined by Faraday's law. 

Discussion. 

Some interesting conclusions, drawn from the experimental re- 
sults recounted on the preceding pages, may be stated briefly. 

With fresh electrodes the hydrogen atom serves in all gases as 
carrier of the electric current from cathode to gas. With a gas 
filling of hydrogen the atom serves also as carrier from the gas to 
the anode — by which it is absorbed. In helium on the other hand 
the hydrogen atom leaving the cathode discharges to the helium 
and this transmits the current to the anode, the negative helium ion 
discharging without being absorbed. 

Most remarkable of all is the fact that, though there is a consid- 
erable concentration oifree positive ions at the cathode surface, they 
do not discharge to the metal so long as it furnishes hydrogen suffi- 
cient to carry the current. This condition may last several min- 
utes. Even the positive hydrogen ion does not enter into electri- 
cal union with the metal, though a negatively charged hydrogen 
atom is readily absorbed by it. 
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The generally accepted view that the negative ion in gases is of 
smaller magnitude than an atom while the positive ion is of molec- 
ular (or atomic) magnitude evidently does not hold there. We 
have strong evidence in the above experiments that in hydrogen a 
hydrogen atom carries the current from cathode to the gas, then 
again from the gas to the anode. This being true any other form 
of ionization in the gas between cannot be expected. If now this 
occur with hydrogen we should expect no other than atomic ions 
under the same conditions in other gases. Conduction in other 
gases would however be modified by the fact that the negative 
hydrogen atom freed from the cathode serves as the active ionizing 
agent. This fulfills in all gases except hydrogen the requirement 
that the negative ion be much smaller than the positive ions it pro- 
duces. Of special interest in this connection are the results recently 
published by Townsend.^ He finds that the positive hydrogen ion 
possesses an unexpectedly large ionizing power, which seems to 
agree with the views just presented requiring that the only differ- 
ence between the ionizing power of the negative ions freed from 
metals (negative hydrogen atoms) and positive ions produced in 
hydrogen (positive hydrogen atoms) be that arising from the differ- 
ence in sign of the charge carried. 

The effect of an electric current and radiations in producing 
chemical combination of gas mixtures receives on this basis a simple 
explanation. The gas molecules are broken up into their constitu- 
ent atoms and these recombine, forming the new compound. 

Some light also is thrown by these experiments on the problem 
as to why positive gas ions do not discharge to a negative metal but 
instead draw out of the metal the negative hydrogen ions. It 
appears that an intimate association in the atomic form is necessary 
to a transmission of charge from gas to metal. Now hydrogen in 
acids is universally the carrier of positive electricity. In solutions 
of metallic salts the metals carry universally the positive charge. 
Here, however, when we have an electrical union of hydrogen with 
the metals, the hydrogen becomes the carrier of the negative charge. 
The natural union therefore of all gases with metals should be that 
where the metallic atom is positively charged and the gaseous atom 

iPhil. Mag., December, 1904. 



Digitized by 



Google 



No. 1.] EVOLUTION OF HYDROGEN, 15 

negatively charged. If this be reversed — the metal being charged 
with negative electricity and the gas with positive — a union only 
takes place under very great external forces. For as the cathode 
becomes depleted the electric force at the boundary between it and 
the gas is increased greatly. This conclusion is derived from ob- 
servations made on the cathode fall in nitrogen. About three years 
ago^ the writer observed with a steel cathode in nitrogen that there 
was at first, as usually observed, a strong electric field out in the 
gas between the cathode and the inner boundary of the negative 
glow. After, however, a sufficiently large current was passed for a 
few moments this field dropped to practically zero. At the same 
time, however, the fall of potential between the cathode and the 
negative glow increased, which shows that there must have taken 
place a considerable increase in the electric force at the boundary 
between metal and gas. This change is now recognized as that 
where the hydrogen ceased to be furnished by the cathode as re- 
quired by Faraday's law. It may be possible that this represents 
the force required to cause the positive ions of the gas to discharge 
to the metal at the rate demanded by the current. It may be that 
such an electrical union is wholly impossible, and cathode rays a 
result A most interesting experiment in this connection would be 
one to determine what effect, if any, the hydrogen atoms emanating 
from the cathode produce on the intensity of cathode rays. The 
writer hopes to make some experiments bearing on this in the near 
future. 

Physical Laboratory, 

University of Nebraska. 

J Phil. Mag. (6), 2, p. 616, 1901. 
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APPLICATION OF THE HYPOTHESIS OF DISSOLVED 

ICE TO THE FREEZING OF WATER AND OF 

DILUTE SOLUTIONS. 

By C. S. Hudson. 
Purpose and Introduction. 

THE belief is becoming general that water is not composed of 
molecules of the same kind, but rather that molecules of dis- 
solved ice are present in the liquid. The principal evidence for this 
assumption is the fact that most of the abnormal properties of water, 
such as its temperatures of maximum density and of minimum com- 
pressibility, the increase of its coefficient of thermal expansion with 
increasing pressure, and its decrease of viscosity under pressure, can 
be readily explained by the hypothesis that a portion of the water 
has the same properties that would be ascribed to dissolved ice if 
the aqueous solution of dissolved ice be analogous to the solutions 
of most non-electrolytes.* It is the purpose of this article to inves- 
tigate further by means of the methods of thermodynamics this 
question of dissolved ice, and it may be mentioned in advance that 
the chief conclusion here obtained is the proof that if we ascribe to 
the dissolved ice a definite solubility, together with a definite equi- 
libriuni'Concentrationy it is possible to account for the constant freez- 
ing temperature of pure water and also for the lower freezing points 
and temperatures of maximum density of dilute aqueous solutions. 
The first of these results is a matter of rather common knowledge 
among chemists and physicists,* but the other two conclusions 
are new and constitute further evidence for the hypothesis of dis- 
solved ice. 

iRdntgen, Ann. d. Pbysik., 45, 9X-97, 1892 ; Sutherland, Phil. Mag., 50, 460-489, 
1900. 

'Cf. Bancroft, Joum. Phys. Chem., a, 143, 1898; Roozeboom, Zeitschr. physik. 
Chem., 28, 289, 1899. 
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Whether the dissolved ice-molecules that are supposed present in 
water are identical with the associated molecules of water is un- 
known and is not essential to the following thermodynamical study. 
Without making any restriction concerning the formula of the dis- 
solved ice, we will assume that it has the property common to all 
crystalline solids of crystallizing from solution when the necessary 
conditions of supersaturation are fulfilled, or in other words that the 
dissolved ice has a definite solubility which is, like all solubilities, 
variable with the temperature. Furthermore, if the presence of 
such a substance dissolved in water and producible from it be as- 
sumed, it follows that a state of equilibrium exists between the dis- 
solved ice-molecules and the solvent water-molecules which can be 
expressed by the equation 

'«(H,0),t;«(H.O)„ {A) 

(dissolved ice) (solvent water- 

molecules) 

where n and m are integers expressing the degree of polymerization 
of the two substances in terms of the molecule of water-vapor as 
unit. The state of equilibrium represented by this equation is vari- 
able with the temperature and at a given temperature there is a con- 
centration of dissolved ice, here called tht equilibrium-concentration, 
which is in equilibrium with unit concentration of solvent water- 
molecules. At constant temperature and pressure this equilibrium- 
concentration is invariable for pure water, and an attempt to alter it 
by direct addition or withdrawal of either of the constituent sub- 
stances must prove futile, because the system is not composed of 
two independent components. If these two concentrations of dis- 
solved ice, namely the solubility and the equilibrium-concentration, 
be assumed, and the laws of dilute solutions be applied to water, a 
number of results follow, which will be given under the following 
six headings : (i) The relation of the solubility and equilibrium-con- 
centration curves to the freezing-temperature of pure water, (2) the 
necessity of a constant freezing-temperature of water, (3) the maxi- 
mum work obtainable by the freezing of ice from pure water and 
from a dilute solution, (4) the lower freezing-temperatures of dilute 
solutions, (5) calculation of the molecular depression of the freez- 
ing point by aid of the foregoing hypothesis, (6) the lower tempera- 
tures of maximum density of dilute solutions. 
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I. The Relation of the Solubility and Equilibrium-Con- 
centration Curves to the Freezing-Tempera- 
ture OF Pure Water. 
Let the solubility of the dissolved ice in unit concentration of 
the solvent water-molecules at any given temperature be 5, and the 
equilibrium-concentration at the same temperature be C^. At tem- 
peratures where 5 is greater than C^, the dissolved ice does not sat- 
urate the solvent, there is no tendency for ice to precipitate, and 
consequently water is stable at these temperatures: Such tempera- 
tures are obviously above the freezing temperature. On the other 
hand, at temperatures where C^ is greater than 5, there is more ice 
in solution than corresponds to its solubility and this excess can 
precipitate, the water can freeze. At such temperatures, which are 
obviously below the freezing-temperature, water can be considered 
to be a supersaturated solution of ice. It is plain that at the freez- 
ing-temperature C^ = 5. These relations are illustrated by the 

accompanying diagram, in which the 
coordinate axes measure temperature 
and concentration of dissolved ice 

__^^ ^ : respectively. The intersection of the 

^^ — '^j ** curve of solubility, 5, with that of 

I equilibrium concentration, C^, gives 

^^^„^ — J; the freezing temperature of pure 

Pig, 1, water under ordinary atmospheric 

pressure. If the pressure be intro- 
duced as a third variable and be measured along a third axis per- 
pendicular to the plane of the paper, the 5 and C^ lines become 
surfaces and the freezing-temperatures for the various pressures lie 
on the line of intersection of these two surfaces. How these sur- 
faces change with the pressure is not known, but their intersection, 
the line of freezing-temperatures, approaches the concentration -axis 
with increasing pressure, because the freezing-temperature is known 
to be lowered by pressure. 

2. The Necessity of a Constant Freezing-Temperature. 
If an isolated system composed of undercooled water be imagined 
and the precipitation of some of the excess of dissolved ice be con- 
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sidered begun, the accompanying evolution of heat will raise the 
temperature of the system and thus cause the equilibrium-concen- 
tration to approach the solubility (compare Fig. i). Since the 
process of precipitation causes the rise of temperature, it is evident 
that the temperature will not rise appreciably beyond a point at 
which the precipitation ceases, provided the establishment of the 
new equilibrium-concentration that follows a change of temperature 
takes place with great rapidity. This limit beyond which the tem- 
perature of the freezing water cannot rise is obviously the tempera- 
ture at which the equilibrium-concentration is equal to the solu- 
bility, namely, 0°. That the system will continue to rise toward 
this limiting temperature so long as undercooled water is present is 
evident from the relations of Fig. i, because as long as water below 
0° is present in contact with solid ice, the supersaturated solution 
will precipitate ice and an accompaning rise in temperature will occur. 

3. The Maximum Work Obtainable by the Freezing of Ice 
FROM Pure Water and from a Dilute Solution. 
The formation of. ice from water can take place in at least three 
ways, namely, by distillation, by the freezing of pure water, and by 
the freezing of a solution. The details of each of these processes 
will now be considered, the aim being to calculate the maximum 
work obtainable from the freezing. 

A. Formation of Ice by Isothermal Distillation, — At the tempera- 
ture T let the vapor pressure of pure water be P^ and that of ice P^, 
Consider the following isothermal and reversible process, n mols 
(« 1 8 gr.) of the undercooled water are evaporated at the constant 
vapor-pressure P^ ; the resulting gas is expanded from P^ to /^.. and 
then condensed to ice. The total work obtainable from the system 
during the formation of one mol of the ice is 

fr= «/er+ nRT log J" - nRT^ nRT log J. (i) 

Since the indicated isothermal process is reversible, the work W 
is the maximum work or free energy of the change. 

B. Formation of Ice by Freezing Pure Water. — Consider at tem- 
perature T a mass of water in equilibrium which contains C^ mols 
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of ice {nC^ 18 gr.) dissolved in oneTnol of the solvent water-mole- 
cules. By means of an osmotic wall operating so rapidly that no 
chemical reaction as indicated by equation (A), page 17, takes place 
during the following physical changes, concentrate the dissolved ice 
from C^ to 5, the solubility of the ice at the temperature T, and 
then press out the dissolved ice at constant concentration 5 to form 
solid ice ; the maximum amounts of work obtainable from the sys- 
tem during these two changes are, respectively, 

W^ = C^RT log ^ and fT, = - C^RT, 

Although the indicated procedure causes the formation of C^ mols 
of solid ice, it is to be noticed that the resulting system is not com- 
posed of ice and ordinary water, because the original water has been 
deprived of its dissolved ice and has therefore become unstable. In 
order to calculate the maximum work that is to be obtained from 
the changing of this unstable water to the stable form, we proceed 
as follows : Since the unstable water does not contain the dissolved 
ice, its vapor-pressure P^ would be expected to be greater than 
that of the stable water, and would be given by the formula of 
Raoult, 

log^- = C;, or log P^ = logP„ + (r„. 

If the mol of unstable water which was produced in forming the 
ice be evaporated at its vapor-pressure P^, and the resulting gas be 
then changed in concentration from P^ to P^ and condensed to form 
stable water, the desired condition of equilibrium is reached in a 
reversible manner and the work obtained from the transformation of 
the unstable water to the stable form is 

w^ = ier-h /eriog^L _ rt^ ^riog J- . 

If the value of log P^ that was given above be substituted in the 
last equation, it is found that W^^ ^„^^- The total work to be 
obtained from the freezing of stable water to form C^ mols of ice is 

W,^W^JtW^^CRT\oz~^. 
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and the maximum work per mol of ice formed is 

W^RTXoz^' (2) 

* 

C. Formation of Ice by Freezing a Dilute Solution, — Imagine at 
constant temperature T a reservoir made up in the following manner. 
A dilute aqueous solution is to be in contact with a non-miscible 
liquid, which shall have the property of dissolving the ice-molecules 
readily, but not the water-molecules. 

Let the vapor pressure of the aqueous solution be P^ and the con- 
centration of the ice in it be C/^ then if the solubility of the ice be 
5' in the second solvent and S in water, the concentration of ice 
in the second solvent when the reservoir can be in equilibrium will 
be C^ S'/S. By means of an osmotic wall operating so rapidly that 
no chemical reaction as given by equation (A), page 1 7, takes place 
in the second solvent, draw out from the aqueous solution into the 
second solvent one mol of dissolved ice at the constant concentra- 
tion C^ S'/S, whereby the work RT is obtained from the system. 
In order to keep the reservoir in equilibrium during this change, n 
mols of water are distilled into the aqueous solution while the ice 
is being drawn out,^nd by this distillation the work 

nRT log^ 

is obtained. At this stage, contact between the two liquids is to be 
broken and the mol of ice is to be compressed from concentration 
C^ S^/S to 5' and then pressed^ut of solution at constant concen- 
tration 5'. During the last two changes the work 

RTlog -^ - RT= RT log ^ - RT 

is produced, and the total work to be obtained from the freezing of 
one mol of ice in this isothermal and reversible manner is 

W= RTlog -J + nRTlog ^. (3) 
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4. The Lower Freezing-Temperatures of Dilute Solutions. 
If the expressions (i), (2) and (3) of the preceding section for the 
free energy of the freezing of water to form one mol of ice be placed 
equal to one another, the following relations are obtained : ^ 

From the last equation it is evident that the equilibrium-concen- 
tration for a dilute solution is less than that for pure water at the 
same temperature, because the vapor-pressure of the solution is less 
than that of pure water. This conclusion that a dilute solution 
contains less dissolved ice than does pure water, has an important 

consequence ; for it is therefore evi- 
dent that a dilute solution can not 
precipitate ice at the freezing-tem- 
perature of water, but must be cooled 

I - ^ ^^ — "^ to a lower temperature in order to 

I ~^ ■ j ' " I "—«*•* cause the concentration of ice in the 

I I dilute so)ution to become equal to the 

„^,^ o« solubility of ice in water.^ The ac- 

Pig, 2. companying figure illustrates the 

relations which are under considera- 
tion. The coordinate axes and the curves S and C^ have the same 
significance as in Fig. i, and the curve C^ represents the equili- 
brium-concentrations for a dilute solution. The intersection of S 
with C^ represents, as before, the freezing-temperature of pure water, 
and the intersection of S with C^ gives the lower freezing-tempera- 
ture of the dilute solution. 

1 It is assumed in drawing this consequence that the solubility of ice in the dilute 
solution is not appreciably different from its solubility in water. 
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5. Calculation of the Molecular Depression of the . 
Freezing Temperature from the Fore- 
going Hypothesis. 
Consider a solution containing a mols of foreign substance dis- 
solved in 1,000 grams of water, and let its freezing-temperature 
be (273 — dT), If C,^rfr ^^^ ^at represent the equilibrium-concen- 
tration and solubility respectively for the solution at its freezing- 
temperature, the equality C,,rfr= ^dT holds. If H^ denotes the 
heat of solution of ice per gram, 

iog5,,-iog5, = + (^i^)^r, 

in which S^ denotes the solubility of ice at zero degrees. This 
equation can be rearranged to 

log5,^=log5. + ^^^i^^7: (7) 

Equation (6), page 22, gives the relation 

«log^ = log^^, 

-^ *, dT. ^g, dT 

and since the law of Raoult gives 

^ P,,^r 1. 000' 
it follows that 

•og C,, dT = log C *r - « ^-^- (8) 

1,000 

Now if If J. denotes the heat of formation of one gram of the dis- 
solved ice, we have an equation similar to the second one in this 
section, or, 

log Q aT = log C;, a + "^j^ dT 

If this value of log C^^ ^t b^ substituted in equation (8), and the 
resulting value of log C,^ ^t be placed equal to (7), it follows, since 
^tr = •S'q, that 

1,000 l8{ Hjr- //sY 
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Now the expression (//y — H^ is equal to the heat of fusion of one 
gram of ice, /, ^., L calories, or, 

,«. a RT^ 
i,ooo L 

6. The Lower Temperatures of Maximum Density of Dilute 

Solutions. 
It was first clearly explained by Rontgen (Joe, cit.) that the occur- 
rence of the temperature of maximum density of water may possibly 
be due to facts connected with the presence of ice dissolved in the 
water. According to this view a rise in temperature would cause 
water to change in volume as the result of the effect of heat both 
upon the volume of the solvent water- molecules and upon the 
equilibrium-concentration. The former of these effects is supposed 
to be an increase of volume with increasing temperature, and the 
latter, a decrease in equilibrium -concentration and consequently in 
volume with increasing temperature ; and it is obviously possible 
that these two opposing changes of volume may just neutralize each 
other at the temperature of maximum density. Rontgen has also 
shown that the lowering of the temperature of maximum density by 
increased pressure is a fact in agreement with this view of the cause 
of the temperature of maximum density ; for it would be supposed 
that the equilibrium-concentration would be diminished by subject- 
ing the water to increased pressure, and therefore the change of 
volume that is due to the effect of temperature upon the equilibrium- 
concentration would be correspondingly decreased. 

I wish to add to this argument that the fact that solutions have 
temperatures of maximum density lower than that of pure water is 
also in complete agreem^t with the hypothesis of dissolved ice ; for 
if we accept the conclusion of section four that solutions contain less 
dissolved ice than does pure water, the reasoning of the previous 
paragraph concerning the change of maximum density with pressure 
applies also to the influence of dissolved substances upon this tem- 
perature. In this connection it is to be emphasized, however, that 
the temperature of maximum density of a solution cannot be ex- 
pected to be subject to such simple conditions as is the freezing- 
temperature of the solution, because the effect of temperature upon 
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the volume of the dissolved substance, which is a specific property 
of the solution, must certainly be an important factor in determining 
the temperature of maximum density. It is even possible that this 
specific influence of the solute may be great enough in exceptional 
cases to cause the temperature of maximum density to increase with 
the concentration of the solution. On the other hand, it can be ex- 
pected that the majority of dissolved substances will lower the tem- 
perature of maximum density, and that equimolal solutions of sub- 
stances which possess similar chemical and physical properties will 
have the same temperature of maximum density. This expectation 
agrees strikingly with the recent measurements of Miiller,* who found 
that the lowering of the temperature of maximum density caused by 
dissolving various organic compounds in water is proportional to the 
concentration of the solution and has the following values for molal 
solutions of the different substances, which are here grouped in ac- 
cordance with their constitutional similarity. 

Phenol 1,1 

Pyrocatechin 7.7 

Hydroquinone 7.4 

Resorcin 7.6 

Pyrogallol 8.7 

Phloroglucin 7.8 

Mannite 11.1 

Dextrose 10.1 

Oxalic acid 12.2 

Succinic acid 12.5 

Tartaric acid 15.7 

It is obvious that equimolal solutions of substances of similar com- 
position have very nearly the same temperatures of maximum 

density. 

Summary. 

The contents of this article may be summarized as follows : 
Following the hypothesis advanced by Rontgen in 1890, it has 
been shown that if cold water contains ice dissolved in it, it is prob- 
able that the ice has a definite solubility in the water, and also a 
definite equilibrium-concentration^ both of these concentrations vary- 
ing with the temperature independently. 

iZeitschr. physik. Chem., 43, 109-I14, 1903. 
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The assumption of the existence of these two concentrations will 
account for the constant freezing-temperature of pure water, and 
this temperature has been shown to be the temperature at which the 
equUibriunt'^oncentration is equal to the solubility. 

Three values for the free energy of the freezing of water have 
been derived, corresponding to the three methods by which the 
water was frozen, namely, by distillation, by freezing pure water 
with the aid of an osmotic wall, and by freezing a dilute solution. 
From the equality of the values of these expressions of the free 
energy of freezing, it follows that the concentration of ice in a 
dilute solution is less than the concentration of ice in pure water 
at the same temperature. It has then been shown how this con- 
clusion will account for the fact that dilute solutions have lower 
freezing points and lower temperatures of maximum density than 
pure water, and the formula for the molecular depression of the 

freezing temperature, dT^ —j~ , has been denved from the 

1 ,000 x^ 

foregoing hypothesis that water contains ice dissolved in it. 

Physical Laboratory, Princeton University, 
January, 1905. 
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COLOR IN PLATINUM FILMS. 
By Isabelle Stone. 

WHILE making platinum films by cathode discharge I found 
that, using a platinum point as cathode, I obtained colored 
rings on a glass plate placed directly under the point. In order to 
investigate this phenomenon, I got together the necessary parts for 
a receiver of the kind shown in the diagram. The receiver A fitted 
into a circular groove cut out of the aluminum plate xy. This 
aluminum plate contained a binding post B, and inside the receiver, 
two aluminum supports K and L on 
which the glass plate/ rested. Through 
the neck of the receiver fitted a hollow 
ground-glass stopper C, Cwas in con- 
nection with two branch tubes D and E 
in each of which fitted ground-glass 
stopcocks F and G. Through the top 
of the ground-glass stopper C was 
fused a loop of platinum wire ending 
within the receiver in a hook. To the outer loop H the wire 
from the secondary coil was attached. To the inner hook any form 
of cathode could be suspended. The cathode first used was a thick 
platinum wire sealed into a glass tube with enough of the wire left 
at the upper end to form a loop for suspension and two millimeters 
left at the lower end to form the cathode. The stopcock G was 
turned to shut off the entrance of air and the tube E being joined 
through a drying tube to a pulsomcter oil pump, stopcock F was 
left open and the exhaustion of air from the receiver commenced. 
Later, when it became necessary to measure accurately the pressure 
of the air in the receiver, the tube D was connected to a McLeod 
gauge by means of the two-way stopcock G. The pulsometer oil 
pump was run by a motor and made about thirty strokes per min- 
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ute and by means of it I could get down to a pressure of .3 mm. 
A wax of rosin and beeswax was used to make the connection be- 
tween the receiver and the aluminum base. The first fourteen 
plates were made with no account taken of pressure except that a 
purple light in the receiver meant a low vacuum and the pale blue 
light, high vacuum ; direct current was used, the alternations 
brought about by a Wehnelt interrupter and secondary coil. This 
interrupter was first a thin platinum wire immersed in dilute sul- 
phuric acid ; the wire was surrounded by a hard -rubber cylinder 
except for its tip which dipped in the acid and could be lengthened 
as it wore away. It was an unsatisfactory interrupter for continu- 
ous work, since it could be run for only a minute or two at a time, 
then would sputter and cease working. However, if rested for a 
moment and thus allowed to cool, it would again work satisfac- 
torily for a minute or two ; thus a summation of effects could be 
obtained. Later, a solid stick of platinum was substituted for the 
fine wire and could be used consecutively for an hour or more at a 
time and in this respect was all that could be desired. But even 
with the platinum stick interrupter, the current density would 
change as the point wore away and could not be measured with 
any accuracy, therefore, in the end the Wehnelt interrupter and coil 
were given up entirely and a 2,000-volt direct-current dynamo used 
whose current could be accurately measured at any time. Another 
improvement consisted in connecting the receiver directly to a mer- 
cury pump so that lower pressures could easily be obtained and by 
connecting the oil pump to the mercury pump, the air could be re- 
moved from the receiver quickly and with ease — the pressure was 
read from a McLeod gauge connected to the mercury pump. 

Viewed through the receiver, the glass plate could be watched 
during the course of the deposit and the general method of forma- 
tion appeared as follows : A brown spot formed directly under the 
cathode ; this changed gradually into reddish brown, increasing in 
size ; then blue appeared at the center edged with red and beyond 
the red the brown, later blue increased in area and turned to red, 
indicating the starting of the second set of colored rings. 

It soon became evident that time of discharge and distance between 
cathode point and glass plate were closely related ; the closer the 
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point to the plate, the shorter the time taken to get good colors 
and conversely. I also found that with the plate close to, say 
within 2 mm. of the cathode, the rings were narrow and of small 
diameter. As the distance was increased the rings spread out in 
area, became broader and of larger diameter. By varying the dis- 
tance from 2 to 10 mm., the outside diameter of the rings could be 
increased from a few millimeters to several centimeters. This was 
true, whatever the form of cathode used. Also, on changing my 
cathode from coarse to fine wire, the rings became narrower and of 
smaller diameter. 

I soon found that pressure played an important part in the for- 
mation of the rings and, after the first few films, kept a strict ac- 
count of that factor. 

In my early work I obtained many films that at the time of 
making could not be accounted for, but showed typical aspects after 
finding the important part that pressure and distance played. I 
frequently obtained dim rings, now and then a granular deposit 
instead of the smooth coating generally gotten and a particular 
kind of film showing a transparent center surrounded by a black 
irregular ring often puzzled me, for I was soon led to see that good 
colored rings had two characteristic appearances. One type showed 
a faint yellow tinge at the center, the other colored rings were 
practically transparent and beyond the colors was a wide absolutely 
transparent zone bounded by a fine black deposit. The other type 
of good colored rings showed brilliant colors and were absolutely 
transparent. To account for these two types and to explain varia- 
tions from them, it was necessary to make many films under vary- 
ing and measurable conditions. 

After the cathode had been used for a time, a heavy platinum 
coating would collect on the glass surrounding the platinum tip. 
As this increased, the cathode glow would bend up about the glass, 
away from the tip. When this occurred, it was hopeless to accom- 
plish anything without great waste of time, for the discharge was 
made very slowly and most irregularly and the best thing to do 
was to stop and clean off the glass. 

New forms of cathodes were tried. A platinum sphere fused on 
the end of the heavy platinum wire gave rings like those produced 
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by the platinum point. By varying the distance between cathode 
and plate, the same peculiarities in size of ring was noted as with 
the point cathode. I tried a cathode made of thin platinum wire 
bent into a circle with the plaoe of the circle horizontally above the 
glass plate. The point of joining of the circle to the supporting 
stem always produced a little distortion of the inner rings ; but, in 
general, under the circular opening of the cathode there was a uni- 
form area of color ; the rings were under the wire and followed in 
outline the bending of the wire ; the deposit directly under the wire 
was thickest, showing a brownish color. In any vertical section of 
such a cathode, different points of the wire are at different distances 
from the plate and in consequence the rings farther from the wire 
are broader than those more directly under the wire. A lack of 
parallelism between the circle cathode and the plate was indicated 
by a crescent that occurred in the rings. I gradually bent the cir- 
cular cathode down until it stood vertically over the plate. Plates 
were made with the circle at various angles with the vertical. These 
plates showed the following characteristic ; about that part of the 
wire nearest the plate, the rings were narrowest, taking an elliptical 
form, the lack of symmetry being on that side where the circle was 
farthest from the plate. This distortion decreased as the angle 
made with the vertical was decreased, until when the cathode stood 
with its plane perpendicular to the plate, all the ellipses were sym- 
metrical. In this series of experiments, there existed in the inter- 
mediate stages what might be called a total effect and an effect due 
to that part of the cathode nearest the plate — the total effect being 
shown by the bounding elliptical rings and the special effect in the 
distorted and eccentric ellipses within. When the circular cathode 
hung perpendicularly to the plate, the special effect merged into 
the total effect and the plate was covered with perfectly symmetrical 
ellipses. After observing that an elliptical cathode gave ellipses 
and a triangular cathode, triangles, I tried for side effects given by 
the different cathodes standing my plate vertically in the receiver 
and near to that portion of the cathode to be investigated. Bending 
my circular cathode, so that its plane stood vertically and also in 
such a way that the effect of the supporting stem was eliminated, 
I obtained on a vertical plate, parallel to the cathode plane, circular 
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rings and on a vertical plate at right angles to the cathode plane, 
elliptical rings as would be expected. With the elliptical cathode, 
ellipses were formed whether the vertical plate was placed opposite 
the side of least or greatest curvature, though, while in the first 
case, the ellipses were long and narrow, in the second case, they 
were almost circular ; the side effects for the knob cathode were 

Vl/ 



always circles. With a cathode shaped, thus. 



and a horizontal plate, I obtained long, narrow ellipses, the length 
of the ellipse depending on the length of the wire and the width of 
the ellipse on the diameter of the wire ; a plate placed vertically at 
the left hand end received ellipses and at the right hand end, namely 
the point, circles were obtained. The same kind of elh'pses were 
obtained from a circular cathode hung horizontally and a vertical 
plate, no matter where the plate was placed, as in this case the 
curvature is everywhere the same. 

Any change in form of cathode produced a corresponding change 
in form of rings and in each case, the deposit under that part of the 
cathode nearest the plate showed a yellow hue ; beyond the colored 
rings was a transparent zone following the outline of the rings and 
beyond this zone an even black deposit. As previously noted in 
the case of the circular cathode, it was found that in all cases where 
the wire was bent into various shapes, a lack of parallelism between 
the plane of the cathode and the plate was indicated by a crescent 
of color among the symmetrical rings. Other sources of distortion 
of rings occurred when the discharge passed to the aluminum 
supports, when the plate was too small and did not cover the 
supports, and also when there were irregularities on the cathode. 
Blemishes sometimes appeared due to testing the discharge at high 
pressure, especially when the current was strong. In bringing the 
plate close to the cathode, particularly in obtaining side effects, a 
portion of the cathode would touch the plate and even if at first the 
cathode was not touching, it was noticed that as soon as the dis- 
charge passed, the cathode would be attracted to the glass and 
touch it througout the interval of film formation. This touching 
could always be traced by a transparency of the plate where the 
contact was, every other part of the plate having a deposit. 
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From experience with trying to get a half film of platinum on an 
interferometer plate, working twenty-four hours with the lowest 
pressure the oil pump would give and getting rectangular rings on 
the plate (like the shape of the rectangular cathode used), I realized 
the importance of pressure, so put my receiver on a mercury air 
pump with which I could obtain pressures of any value desired. I 
wished to find whether a low pressure produced a uniform field and 
no color as Mr. Langden had found.* With a knob-cathode at a 
very short distance from the plate and a pressure of about o. I mm. 
I obtained a transparent center surrounded by a black ring and no 
color. On using a pressure of 1.28 mm. and the same distance (2 
mm.) I obtained in three minutes beautiful colored rings, showing 
the brown tint characteristic previously noted. Taking a given dis- 
tance, I tried the effect of altering the pressure, using 1.28 mm., 0.9 
mm., 0.6 mm., 0.3 mm. and o.i mm. pressures. I obtained colors 
until 0.3 mm. pressure was reached at which there was a heavy 
deposit, showing a trace of ring formation on the back of the plate. 
At o. I mm. pressure, there was but a slight deposit, center trans- 
parent, no color. I then tried altering the distance but taking the 
same pressures used before. All the charateristics previously noted 
were obtained. At 0.3 and o. i mm. pressure no colors were found 
but heavier deposits than for the shorter distance. Thus, when the 
Wehnelt interrupter was used, the minimum pressure for rings 
seemed to be about 0.3 mm. Then I tried to find the maximum 
pressure for ring formation taking a fixed distance and varying the 
pressure from o. i mm. as high as I could go and still get color. 
At 3 mm. pressure there was considerable trace of color, though 
the deposit was irregular. For good ring formation 2 mm. seemed 
the maximum pressure when the Wehnelt was used. So I could 
state that using this interrupter the minimum pressure for rings was 
0.3 mm., and the maximum pressure about 2 mm. On using the 
2,ocK)-volt dynamo current, these limits were extended, particularly 
in higher pressures. 

It was then clear how Mr. Langden, always working at pressures 
below 0.1 mm., had always obtained uniform platinum films while 

1 Electrical Resistance of Thin Films Deposited by Kathode Discharge, A. C. Lang- 
den, Physical Review, Vol. XI., July-August, 1900. 
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the pressures I used (usually exceeding o. i mm.) had resulted in 
colors. Also the explanation of the tiny transparent center, sur- 
rounded by a black ring, was clear. This was always obtained at 
pressures under o.i mm. and when the glass was close to the 
cathode ; thus, the plate being within the cathode dark space, re- 
ceived scarcely any of the deposit. On the other hand, at pressures 
under o. i mm., when the distance between cathode and plate was in- 
creased, I obtained a heavy, uniform film. However, whenever color 
was obtained, I found that the cathode dark space had no effect upon 
my films. When the distance between cathode and plate was small 
I could get as good rings as for a great distance, though in the first 
case the plate was far within the cathode dark space and far outside 
of it in the other case. Also at a pressure of 1 2 mm., where, using 
the dynamo, good rings were obtained, there was no light in the 
receiver except a purple glow about the knob. 

As the pressure is increased from .05 mm. up to 5 mm. the fol- 
lowing stages may be traced in the films formed between these 
Umits ; at .05 mm., the lowest pressure used, there was a heavy 
platinum deposit ; at o. i mm. a uniform deposit, but more under the 
cathode and less spreading than for .05 mm. pressure ; at 0.2 mm. 
a slight trace of color was noticed in the uniform deposit, more 
frequently on the back of the glass plate ; at 0.3 mm. colored rings 
were formed that were practically transparent and this held up to 
I mm. pressure ; at i mm. the appearance was that of colored rings 
slightly yellowish in tint surrounded by a transparent zone and 
beyond the zone an even black deposit At 2 mm. pressure, the 
rings were very perceptibly smaller, the transparent zone corre- 
spondingly contracted and the outer black deposit thinner and more 
transparent ; from 2 mm. upward, the decrease in size of rings and 
transparent zone continued and the increase in the transparency of 
the film also continued. At a pressure of 1 2 mm. the rings were 
very small and practically transparent with no other trace of deposit. 
The above account applies to films, when the distance between the 
cathode and plate is from zero to six millimeters. When the dis- 
tance is ten millimeters, a similar description applies until i mm. 
pressure is reached. At that point, the lai^e rings began to 
decrease and the transparent zone was small, a greater increase of 
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pressure resulted in a uniform black film and no color. This heavy 
deposit continued up to near 2.5 mm. pressure then grew thinner 
as the pressure was increased, ultimately disappearing. (I had 
previously noted that often, after a deposit, there was a heavy black 
coating on the aluminum base of the receiver ; this coating was 
more noticeable when a small glass plate was used, thereby ex- 
posing more of the base to the rays ; at the same time on the glass, 
colors, only appeared.) It seems then that transparency is char- 
acteristic of low pressure, brown color and boundary zones for a 
moderately low pressure. For moderately high pressure, two cases 
exist, depending on the distance of the plate from the cathode and 
resulting in smaller rings and increase of the black deposit for the 
shorter distance and heavy black deposit, showing no color for the 
greater distance. Again for very high pressure there is very little 
deposit, whatever the distance. The lower the pressure and the 
greater the distance, the more transparent is the film within the 
range for good ring formation. The changes occurring in a film, 
as the pressure is increased from .05 to 5 mm. may be summed up 
thus : an even black deposit gradually gives way to colored rings; 
shortly before i mm. pressure is reached, the black deposit again 
appears at the edges of the plate ; with greater increase in pressure, 
the rings decrease in size and the black deposit creeps in toward 
the colored area, reaches a maximum and at high pressure dis- 
appears. When the distance between cathode and plate is small, 
the colors begin at a higher pressure than in the case where the 
distance is great and the black deposit at high pressures is not so 
heavy, nor does it conceal the rings completely. For all distances, 
the appearance at i mm. pressure is characteristic and this may be 
called the critical pressure. A disturbing element in comparing 
corresponding films at different distances was due to the glow not 
being strictly confined to the cathode. If it ran up the glass of the 
cathode or if a discharge occurred at the top of the receiver, the 
rings were smaller and took a longer time in formation. 

I see no possible explanation of this phenomenon on the basis that 
the even, black deposits are obtained when the plate is just at the 
edge of the cathode space, for, while it may apply to results obtained 
at low pressure, it cannot explain why at high pressure and great 
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distance an even deposit is obtained. Again, as pressure increases 
and the glow decreases, the plate nearest the cathode would ulti- 
mately touch the edge of the cathode dark space and receive the 
even deposit which is contrary to the results obtained. It is a 
curious fact that, for a distance of 10 mm. an even film may be 
obtained either at .2 mm. pressure or at a pressure ten times as 
great. 

In comparing those films made by using the Wehnelt interrupter 
with those made by the current from the two thousand volt dynamo, 
it is interesting to note that the two classes are really one and the 
same; for a given pressure and distance, the appearance of the 
resulting film is the same in either case. 

The attempt was made to arrive at the same stage with each film ; 
let us say the starting of the second set of rings. This could be 
observed from outside the receiver when the light was good. One 
could see the brown spot form under the cathode, could see it turn- 
ing to red, then to blue and then to brownish red again, thus indi- 
cating the starting of the second set of rings. Under these circum- 
stances, it was possible to make comparison of the time taken at the 
different pressures to reach this stage. Although one must keep in 
mind the fact that an increase in distance between cathode and plate 
means an increase in time, since the size of the rings is correspond- 
ingly increased, nevertheless one can say that in any set of films 
where the distance is unchanged the time taken to reach the given 
stage of film formation is the same from the lowest pressure giving 
rings up to the pressure where the even deposit starts to decrease. 
Beyond this pressure, the time is increased. Suppose the time of 
formation between 0.3 mm. and 2 mm. pressure is ten minutes, the 
time taken to reach the same stage in the rings from 2-5 mm. 
pressure is almost twenty minutes and beyond 5 mm. pressure, the 
time is enormously increased, two hours and a half being necessary 
for a film at 1 2 mm. pressure. In this connection, it should be 
stated that films made with the interrupter took a longer time than 
exactly similar ones made by the current from the dynamo. 

To be able to measure the current flowing through my receiver 
and the fall of potential between anode and cathode, at any chosen 
pressure, I put an ammeter reading to .(X>i ampere in the main cir- 
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cuit and a static quadrant electrometer between anode and cathode. 
Beginning with the highest pressure used and letting the discharge 
pass through the receiver, I read the current and voltage for that 
pressure ; taking a stroke of the pump, I again read the three cor- 
responding values. In this way I proceeded by steps to the lowest 
pressure used in the work. The discharge passed continuously be- 
tween cathode and plate during this experiment, the accompanying 
curves give the relation between pressure and voltage and pressure 
and current respectively and show that down to a pressure of about 
I mm. the current and also the voltage is practically constant ; be- 
tween I mm. and the lowest pressure used, a slight decrease in 
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pressure is accompanied by great increase in potential and corre- 
sponding decrease in current. At four separate times such a series 
of values were taken and curves constructed (Figs. 3 and 4). In two 
trials the voltage was constant at about 650 volts and the current con- 
stant at .005 ampere until a pressure of i mm. was reached ; then the 
current fell steadily to .001 ampere and the voltage rose to 1,950 
volts ; in a third trial, starting with .004 ampere and 600 volts, 
both factors remained constant until the pressure was decreased to 
I mm.; between i and 0.5 mm. pressure the change was slight, but 
below 0.5 mm. the current fell to .001 ampere and potential rose 
to 1,750 volts ; a fourth trial started with a current of .001 ampere 
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and voltage of 550, both remained constant until 0.5 mm. pressure 
was reached; then came the sudden drop of current to .0001 am- 
pere and rise of potential to 1,730 volts. Evidently the critical 
point in pressure for these platinum films is lowered by using a 
lower voltage and current If the object is not the lowering of the 
critical pressure, it is of course far better to use a stronger current 
and shorten the time of deposit. The current usually used in de- 
positing these films was .004 ampere. In comparing the films by 
reference to these curves, one finds that the uniform films at pres- 
sures below o. I mm. are formed when the curve is practically ver- 
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tical ; that the colored rings showing greatest transparency and free 
from all uniform deposits are made when the curve shows a rapid 
decrease of voltage and rise of current and that the deposit is 
heavier for those films made at pressures above i mm. where the 
curve exhibits itself as a horizontal line. Beyond 3 mm. the de- 
crease in deposit is due to increase in pressure as indicated by the 
slight glow about the cathode. From observing the curves, I could 
understand why in the region of pressures below i mm., there 
would be great fluctuations of voltage, for the small increase in 
pressure due to gases coming off the cathode at the time of dis- 
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charge. Also if a discharge took place at the platinum hook on 
which the cathode was suspended, the voltage would drop and the 
current rise, and if, because of the coating with platinum of the 
glass about the cathode, the glow ran up the glass, again a change 
would occur. In connection with these curves it is interesting to 
note that the test plate used in such an experiment became covered 
with very large rings showing six or seven alternations of color and 
the deposit of considerable thickness, thus increase of time of de- 
posit would result in the formation of many rings spreading over 
the surface of the plate. 

In order to prove that the colors would form when a gas other 
than air was used, I arranged to make the deposit in hydrogen. In 
the first set of films made by the interrupter, I introduced into the 
receiver hydrogen 'generated by the action of acid on zinc and dried 
by passing it through sulphuric acid and phosphorus pentoxide. 
I pumped this gas through the receiver three or four times before 
the discharge passed and thus I made a half dozen plates at vary- 
ing pressures, in each case rings were formed just as in the case of 
air. To make sure that I had gotten rid of the gases occluded by 
the cathode and on the walls of the receiver, I resolved to let the 
discharge using current from the dynamo pass for some time until 
the pressure of the hydrogen was stationary as indicated by the 
gauge. Since, with the preliminary discharge, the glass surround- 
ing the cathode would become coated with platinum and in conse- 
quence the glow would bend up about the coated glass, it was 
necessary to protect the glass during the preliminary discharge. 
Two pieces of mica were taken and bent so as to surround the 
cathode above and below, shielding the glass about the cathode 
artd the glass plate. Each of these pieces of mica being wound 
externally with iron wire was removed when the time came by a 
magnet outside the receiver. These covers having been fitted 
around the cathode and the receiver made air tight and connected 
with the pump, the air was exhausted to a low pressure, C. P. 
hydrogen was admitted and the pressure again reduced. In this 
way, hydrogen was admitted three times ; then the discharge was 
allowed to pass for two hours. This process was again repeated 
and during the second discharge, the gauge was watched. At the 
end of two hours, when the gauge showed no increase of pressure, 
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the mica covers were removed from without and the discharge 
allowed to pass onto the glass plate for twenty minutes, the pres- 
sure being i mm. The rings were like those obtained at the same 
pressure in air. 

I had made attempts to find the thickness of the films by the 
micrometer calipers, the measurements, however, were of no value 
even for thick films because of the uneven thickness of the glass 
and for thin films I obtained negative values. 

I then tried weighing a microscope cover glass, putting on a thin 
film, reweighing and calculating the average thickness of the film 
from weight, average diameter of circles and density of platinum. 
By this method, I found the average thickness equal to .cx)Oi36 
mm. or the thickness of Newton's first bright ring (.cx)Oi42) approx- 
mately. As this was an attempt to discover how the platinum was 
deposited on the plate and as I had found that direct observation 
under the microscope gave me interesting results, I abandoned the 
weighing method and examined the films one by one under a 
microscope. When traces of particles were found, the plates were 
prepared with Canada balsam and cover glasses for use with a 
high power oil immersion objective. The microscope was then 
put in front of a lantern and the magnified image obtained on a 
screen. By running the plate horizontally and vertically, it was 
possible to examine the whole area and photograph any part of it. 
Some photographs were taken with objects magnified to 2,000 
diameters, others to 2,500 diameters. A film made at a pressure 
of .2 mm. showed a field of perfectly spherical particles varying in 
diameter from .0005 to .0009 mm. Apparently there was no sym- 
metrical grouping of particles ; some were alone, others in large or 
small groups and here and there an area quite free from them. 
Each globule was surrounded by a halo. In other films I found 
many clusters in various stages of development, several globules 
collected in a faint halo-like area ; again a union of many into a 
rather irregular crystalline appearing area and finally the merging 
of masses of these crystalline areas into a large solid appearing 
mass, surrounded frequently by a brown fringe ; the photographs 
illustrate these stages. The thick films shut off most of the light 
from the lantern and were uniform except where a tear showed the 
existence of a continuous yellow layer or here and there a crystal- 
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line area appeared. Since many of the thin films appeared trans- 
parent and the thick ones showed an even yellow deposit, my 
photographs, for the most part, represented those films where the 
particles had not yet clustered together to form a continuous film 
or were taken on the outskirts of the colored area, where the stages 
of formation could best be observed. Frequently crystalline areas 
appeared on a uniform field, indicating that particles had been 
thrown off irregularly after the film proper had formed. 

The following explanation seems to fit the observed facts : dur- 
ing the first few minutes of the discharge the platinum thrown off 
from the cathode is in the form of globules, separated from each 
other or slightly grouped, hence the deposit appears red ; as the 
discharge continues more globules are deposited, there is a joining 
together of the groups and the deposit appears blue, edged with 
red. This, then, would explain the formation of the first set of 
rings ; the center made up of particles close together, the outskirts 
containing only separate particles. This process is repeated, the 
thin, transparent film serving as a base for deposit ; again particles 
increase directly under the cathode, first, separated from one an- 
other and we have red, then uniting together and we have blue ; 
thus a second set of rings have been formed. As this continues, 
the rings spread out over the surface of the plate and it is evident 
why extremely thin films and the outer boundary of the colored 
area, alone exhibit the separate particles. 

The particles may be of different sizes ; the change in color de- 
pends not on the size, but on the grouping of the particles. 

It is my intention to examine films showing the first red color 
and compare with others in which blue first appears ; to investigate 
farther into the formation of even films at great distance and high 
pressure and to examine the phenomena produced by a cathode of 
material different from platinum. 

I wish the opportunity to express my gratitude to Dr. Hallock 
for making this investigation possible for me at Columbia Univer- 
sity and for his great liberality and kindness to me throughout the 
accomplishment of the work. I am also greatly indebted to Dr. 
Davis, Dr. Tufts, Dr. Pegram and Dr. Forbes for valuable advice 
and for assistance many times. 

Vassar College. 
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THE MAGNETIC ROTATION OF SODIUM VAPOR. 

By R. W. Wood and H. W. SprincJsteen. 

Introduction. 

TN 181 1 Arogo * discovered that rotation of the plane of polariza- 
^ tion occurs when plane polarized light is transmitted through 
quartz in the direction of its optic axis. This was followed by the 
careful investigations of Biot,^ which led him to the deduction of 
his three well-known laws. That the phenomenon was not confined 
to solids alone, but occurred also with liquids and gases, was soon 
made evident by the work of Biot, Sir J. Herschel, Brewster, Far- 
aday and others. Then followed Faraday's discovery * that the 
plane of polarization is rotated by isotropic substances when placed 
in a magnetic field. 

After the discovery by Fox Talbot,* about 1840, of the exis- 
tence of anomalous dispersion, this phenomenon was looked for in 
the rotatory dispersion of optically-active substances. Biot,* Arndt- 
sen,* Landolt,^ Nasini and Gennari,® Cotton • and others observed 
anomalous rotatory dispersion in various natural active liquids. 

It was natural to expect that this anomaly might also exist in 
magnetically active substances ; several investigators have studied 
various substances with results not altogether concordant. Bec- 
quereP® in 1880 observed the effect in oxygen, but others have 

* Arago, Oeuvres Completes, Tom. X., p. 35, 181 2. 
'Biot, Ann. de Chimie et de Physique, 1815. 

'Faraday, Experimental Researches (XlXth series), Vol. III., p. i ; Phil. Trans., 
p. I, 1846. 

♦Talbot, see Tait»s Light, 196, and Proc. Roy. Soc. Edinburgh, 1870-71. 
'Biot, Ann. de Chimie et de Physique (3), 10, p. 5, 1844. 
^ Amdtsen, Ann. de Chimie et de Physique (3), 54, p. 403, 1858. 
^Landolt, Beibl., 5, p. 298, 1881. 

* Nasini and Gennari, Zeitschr. fur phys. Chemie, 19, p. 113, 1896. 
•Cotton, Ann. de Chimie etde Physique (7), 8, p. 347, 1876. 
JOBecquerel, Compt. Rend., 90, p. 1407, 1880. 
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been unable to confirm his results. Macaluso and Corbino * worked 
with sodium vapor and found that the rotation was positive, and 
abnormally great, on each side of the D absorption bands, but had 
a small positive value inside the band. Zeeman* also, with a flame 
between magnet poles, investigated the rotation with highly rarified 
vapor in the vicinity of the D lines and obtained a positive rotation 
just outside the two D lines and a very great negative rotation in- 
side each of them, or rather between the conjponents into which the 
magnetic field divides the line. 

Results published by Schmauss in the Annalen du Physik during 
the year 1903 appeared to show that the rotatory dispersion is 
anomalous in the vicinity of the absorption band. He worked with 
alcoholic solutions of the analine dyes, and with didymium glass, 
obtaining curves not unlike the anomalous dispersion curves of these 
substances. His work was repeated by Bates * who failed to find 
any effect whatever due to the addition of the dye, and one of the 
present writers, has been unable to observe any trace of magnetic 
rotation in the case of thin plates of solid cyanine in very intense 
magnetic fields, although a saturated solution of praseodymium 
chloride appears to show the effect. 

In the case of sodium vapor we know positively that the rotation 
is not anomalous, having the same value for wave-lengths symmet- 
rically situated to the right and left of the D lines. 

The subject is of much interest theoretically, for the rotation 
formula developed from the hypothesis of molecular currents* 
calls for an anomalous effect, while the one obtained by considering 
the '* Hall-effect," /. e,y the ponderomotive force exerted upon an 
electron moving in a magnetic field, represents, qualitatively at least, 
the condition found in the case of sodium vapor. 

It was with a view of testing this formula quantitatively that the 
experiments about to be described were undertaken. 

To test a formula we require observations over a fairly wide range 
of wave-lengths. 

1 Macaluso and Corbino, Compt. Rend., 127, p. 548, 1898. 
'Zeeman, Proc. Roy. Acad, of Amsterdam, 1902. 
'See Annalen du Physik., Dec, 1903. 
*See Drude's Optics. 



Digitized by 



Goo< 



No. I.] MAGNETIC ROTATION OF SODIUM VAPOR. 43 

In the course of some work upon the dispersion of the vapor 
of metallic sodium, it was found by one of us, that the vapor pos- 
sesses an enormous rotatory power, even for wave-lengths consider- 
ably removed from the D lines, when placed in a strong magnetic 
field. 

It was at once recognized that by employing this medium, the 
rotatory dispersion formula 

^_i/^ , ^ \ 

could be tested. 

That it represents the dispersion qualitatively is clear from the 
occurrence of the term (^* — X^^" in the denominator, for /* — l^ 
changes sign when we cross the absorption band, and it is this 
change of sign which gives us the anomalous 
dispersion. In the present case, however, the 
squaring of the term gives us the same sign on 
opposite sides of the absorption band, which 
calls for a dispersion curve of the type shown in 
Fig. I . A curve of this type was obtained by 
Cotton, but his observations were made with flames, and the effect 
could only be traced to a very small distance to the right and left 
of the D lines. 

We can modify the above formula somewhat in the case of sodium 
vapor as will be shown later on in the paper. 

Apparatus and Method. 

The sodium vapor obtained by heating a salt of sodium in a flame 
is necessarily very rare, and with such a vapor as is well known, 
the rotation only very near the D lines is perceptible. In order to 
obtain greater rotations it is obvious that denser vapor must be em- 
ployed. This was accomplished by heating with a Bunsen flame 
pure sodium in an exhaused glass tube. This tube, of hard Jena 
glass, had a length of 25 cm. and an inside diameter of 1,3 cm. 
Over this and occupying a position midway between the ends of the 
glass tube was a brass tube 8.2 cm. in length and of such a diam- 
eter that it would slide easily over the glass tube. A solid cylin- 




Digitized by 



Google 



44 ^- ^- ^OOD AND H. IV, SPRINGSTEEN. [Vol. XXI. 

drical piece of pure sodium of the same length as the brass tube, 
and having a diameter of 0.6 cm. was prepared in the following way. 
A good-sized piece of sodium was melted in an iron crucible over 
a Bunsen flame, and the molten metal poured into an iron cylinder. 
This cylinder had a tight fitting iron piston which, when pressed in 
by squeezing it in a vice, forced the sodium out through a small 
hole in the end, and the desired length being then cut off. The 
sodium stick was then placed in the center of the glass tube as 
quickly as possible to prevent the moist air from coming in contact 
with it, and the ends of the tube closed with thin pieces of plate 
glass, cemented on. The glass ends were tested in the magnetic 
field employed for the experiment, but no rotation due to them 
could be detected. 

Directly over the sodium and inside the glass tube was a thermos 
element made of iron and constatin fused together ; the terminals 
passing out through a fine glass tube at one end of the sodium 







Fig. 2. 

tube. Passing through the other end was a tube of small diameter 
which was connected to an air-pump and sealed off after exhaust- 
ing the tube. The vacuum used was about one tenth of a mm. of 
mercury. The sodium tube was then placed inside a Ruhmhorff 
magnet as shown in the figure, so that the part of the tube con- 
taining the sodium was between the poles of the magnet. The 
magnet possessed the usual nicol prisms, one at each end, the anal- 
yzing one being provided with a rotating arm and scale which 
could be read to tenths of a degree. The wires from the thermo- 
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element passed out alongside the latter nicol, and communicated 
with a galvanometer and two other thermo-elements, one of iron and 
copper and the other constantin and copper. These two elements 
were placed side by side in a kerosene bath and kept at constant 
temperature. Directly beneath the center of the brass tube was 
a Bunsen burner, the height of which was so regulated as to pro- 
duce the required temperature of the vapor, as determined by the 
scale-reading of the galvanometer. The brass tube served to dis- 
tribute the heat from the flame more evenly than could otherwise 
have been done, and by this means the vapor was kept at a very 
uniform density. 

A iio-volt circuit was connected to the magnet through a 
double-knife switch, rheostat and ammeter. Since the magnet coils 
were made of very large wire, a heavy current could be used and 
the rheostat was adjusted until the current was 35 amperes, and all 
the observations were made with this current through the magnet 
The current, of course, heated the magnet somewhat, but after a 
short time this heating became fairly steady and with a constant 
current, the variation in the field-strength introduced no more error 
than the errors of observation. The strength of the field was de- 
termined by measuring the rotation for D light which a tube of car- 
bon bisulphide, 8.2 cm. in length, produced. The average rotation 
obtained was 16°. o. Assuming 0.042 in minutes of arc as the 
value of Verdet's constant, this rotation of 16° corresponds to a 
field strength of 2,790 C.G.S. units. 

Considerable difficulty was experienced in trying to obtain a suf- 
ficiently intense beam of light. The light had to pass through 
various optical parts and also the dense vapor so that finally only 
a small percentage of the incident light succeeded in getting 
through the apparatus. As first tried, the light from an arc was 
brought to a focus just in front of the polarizing nicol, and after 
passing through this and the sodium vapor, it could be completely 
extinguished by the analyzing nicol. Just in front of the analyzing 
nicol was placed a transmission grating of 14,000 lines and when 
the nicols were parallel, a bright spectrum was produced in the 
first order. When the nicols were crossed, the spectrum entirely 
disappeared. The sodium was now slowly heated, and with the 
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nicols parallel, the D absorption band slowly appeared, becoming 
wider and wider as the vapor became denser. 

The nicols were now crossed and when the current was turned 
on, the light was immediately restored for a considerable distance 
on each side of the D absorption band. It also seemed as if there 
was a restoration of the light in the part of the spectrum corre- 
sponding to the position of the fluted absorption bands, but it was 
not possible to be sure, with this arrangement of the apparatus. If 
the analyzing nicol was now slowly turned in a direction which in- 
dicated a positive rotation, there appeared two broad black bands, 
one on each side of the D band. As the nicol was rotated more 
and more, these bands narrowed up moving closer and closer to 
the edges of the D band, until finally they reached it. This showed 
that the rotation was positive on both sides of the D band, and by 
the readings of the nicol, it was seen that the rotation was very 
great close to the edges of the D band, but that it rapidly decreased 
for points further and further away. By using less dense vapor and 
a reflection grating mounted on a spectrometer, it was possible to 
see in the second order that the rotation was also positive between 
the two D lines, but the light here was too faint to permit of a very 
accurate determination of its amount. It was now necessary to 
devise some means of determining the wave-length cut out by the 
black band as the nicol was rotated. To effect this, the light from 
the arc was focussed on a slit and then made parallel by a collimat- 
ing lens before it passed through the first nicol. After emerging 
from the second nicol, it then fell upon a plane reflection grating 
and into the telescope of the spectrometer. Then the light from a 
helium tube and a mercury tube was sent through at the same time 
by means of a small right-angled prism placed on the slit of the 
collimator, with the intention of using their characteristic lines as 
reference points from which to measure wave-lengths. But it was 
found impossible to make the lines appear sufficiently bright and 
the use of these tubes was abandoned. 

Next the sunlight from the heliostat was substituted for the arc, 
with the hope that the Fraunhofer lines might be sharp enough to 
be used. But these too, proved to be too indistinct to be em- 
ployed. 
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The next method tried was the following : sunlight was focussed 
on the slit of a monochromatic illuminator and light of the desired 
wave-length then transmitted through the first nicol, the sodium 
and the analyzing nicol in turn. The latter was then rotated until 
the light appeared to the eye, to be entirely extinguished. By this 
means the rotation for different wave-lengths was obtained at some 
distance on either side of the D band, but when settings were made 
in its vicinity, the source of light could not be made monochromatic 
enough, even with the slits of the monochromatic illuminator very 
narrow, since the magnetic rotation in this vicinity is very great, 
and although the nicol might be turned so as to extinguish light of 
one wave-length, light of other wave-lengths would still pass 
through. With this arrangement, however, the rotation was meas- 
ured for wave-lengths rather distant from the D band and readings 
were taken until the restored light became too feeble to make the 
settings accurate. 

For the vicinity of the D band another method was found which 
proved very satisfactory. A beam of sunlight from a heliostat 
was sent through the nicols and sodium tube and focussed upon 
the slit of a two-prism spectroscope which possessed a resolv- 
ing power sufficient to separate the D lines. By this means the 
Fraunhofer lines were in sharp focus. An auxiliary scale reflected 
into the field of view, appeared superposed on the solar spectrum. 

With the nicols parallel and the vapor of the right density, not 
only was the D absorption band visible, but also the red and blue chan- 
nelled absorption bands were very strong. When the nicols were 
crossed, the field was dark, but when the current was turned on, the 
spectrum brightened up, not only on each side of the D band, grad- 
ually shading off in intensity, but also in the red and blue-green. As 
many as eight distinct red, and eight blue, bright lines were counted. 
These bright lines apparently coincided with the red and blue ab- 
sorption bands of sodium vapor, and showed conclusively that the 
red and blue absorption bands have also a very marked effect on 
the magnetic rotation. 

The bright blue lines due to magnetic rotation were much fainter 
than the red and it was noticed that when the vapor was of small 
density, the bright lines in the red appeared, but no trace was seen 
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of those in the blue-green region. This indicates that the rotation 
is greater for the red lines than for the blue ones. The absorption 
lines appear, however, in the greenish blue at a smaller vapor density 
than that necessary for the appearance of the red absorption bands. 

The nicol was rotated and the position of the black bands noted 
with reference to the spectroscope scale. The position of the nicol 
was read and the temperature of the vapor recorded. The readings 
were always taken with a constant current through the magnet. 
Throughout the experiment the temperature of the vapor remained 
nearly constant. It is clear that the black bands mark the wave- 
lengths, for which the rotation is represented by the angle through 
which the nicol has been turned from its original position of ex- 
tinction. 

The results obtained are recorded in the following table, which 
is for wave-lengths on the green side of the absorption band. 



\ 


a 




Observed. 


Calculated. 


5,886 


2,371^ 


2,285 ^ 


5,884 


1,185 


1,016 


5,876 
5,875 


247 
205 


iS 1^ = 5,890 


5,870 


107 


91 


5,861 


49 


40.6 J 


5,844 


14.8 


15.21 




5,835 


10.8 


10.9 




5,820 


6.5 


6.9 




5,805 


4.8 


4.8 




* 5,770 


2 


2.5 


P^i = 5,893 


* 5,725 


1.4 


1.4 




♦5,690 


1.2 


1 




* 5,660 


1.0 


— 




* 5,630 


0.6 


— 




* 5,600 


0.4 


0.5 J 





The readings marked with an asterisk were made with the mono- 
chromatic illuminator, the others by observing the position of the 
dark band in the continuous spectrum, which appears the moment 
the second nicol is turned from its position of extinction. The high 
values for the first five wave-lengths, were obtained by making ob- 
servations with a grating, using a vapor of small density, and then 
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enlarging them to the scale of the density of the vapor used in the 
other experiments. The rotations on the red side of the D lines 
are similar for wave-lengths similarly located, in other words the 
curve is symmetrical. The complete curve is shown in Fig. 3. 

It is probable that the complete curve is far from accurate as a 
whole, for it was constructed from 
different sets of readings. More- 
over the density of the vapor is 
apt to change during the time 
occupied in observing and record- 
ing a single series. 

At the present time experiments 
are being made by one of us with 
a photographic method, which it is 
expected will yield far more accur- 
ate results.* 

Proof of the Rotatory Dis- 
persion Formula. 
In the complete formula 
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Fig. 3. 



the first term in the parentheses 

represents the effect of electrons 

with periods in the ultra violet. 

The dispersion of sodium vapor 

has been shown by one of the writers to be represented by the 

formula 

in other words the electrons which cause the D lines are alone 
operative. We can thus safely assume that the rotation is influenced 
only by these same electrons, in other words we may neglect the 

> These measurements have been repeated with a 14-foot concave grating, not only on 
each side of, but also between the D lines. The rotating lines in the red and blue green 
region, to the number of 150 have been accurately measured with the same grating. 
The results will appear shortly in the Philosophical Magazine. R. W. W. 
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term al)?. The effects contributed by the absorption bands in the 
blue-green and red can be left out of account as they are but very 
small. Moreover in the case of sodium vapor n does not differ 
greatly from unity, except very near the D lines. We can there- 
fore write the formula for the rotation 



5 = 



b)? 



(/^-V)^ 



and determine the constant b from a single observed rotation. 

It is clear that the term ^'/(^* — X^ will change with changing 
wave-length much more rapidly than the term ^7(^* — ^^) (which 
occurs in the ordinary dispersion formula) ; the rotatory dispersion 
curve will consequently be much steeper than the dispersion curve, 
as will be readily seen by comparing the curve shown in Fig. 3, 
with the dispersion curve obtained by Wood for sodium vapor.^ In 
calculating the rotations X^ was given the mean value of the D lines 
5,893 in the case of the remotor wave-lengths, and the value 5,890 
in the case of those near the absorption. This is an approximation 
method of course, but it was found to work fairly well in the case 
of the dispersion of the vapor. The calculated results agree fairly 
well with the observed, except for the immediate vicinity of the D 
lines, where they are for the most part too low. 

A series of readings were taken with improved apparatus, using 
a diffraction grating, and measuring the position of the band with a 
filar micrometer. These observations were made as rapidly as 
possible to avoid changes in the density, which, as has been already 
said, are probably responsible for most of the errors. The constant 
was calculated from the rotation observed for wave-length 5,839, 
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iPhil. Mag., Sept., 1904. 
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and the observed and calculated values compared. The results are 
recorded in the opposite table, and indicate that the rotatory 
dispersion is probably represented by the formula given above. 

More accurate results are expected with the photographic appa- 
ratus, which will enable the position of the dark bands to be rapidly 
recorded for different settings of the nicol. The maesurements can 
then be made at leisure. 
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Note on Fleeting and Persistent Nuclei in Energized 
Dust-free Air.^ 

By C. Barus. 

I . Fog Limits of Fleeting Nuclei. — The mean increment of nucleation, 
^A^, per centim. of increment of pressure difference, ^/, varies very rapidly 
as compared with the fog limit, ^/q, so long as the reference is to the 
interval of large variation. It makes no difference by what radiation the 
nucleation is produced (X-rays or other radiation), dNfdi^dp) is rapidly 
larger as the intensity of ionization is greater, while dp^ becomes slowly 
smaller within the interval in question. Below the fog limit of air, and 
slightly above the fog limit of the ionized medium, the following data 
are typical. N^^ shows the number of nuclei caught when 4^ = 21 cm., 
which lies within the pressure interval stated. D is the distance of the 
sealed aluminum tube, containing radium (.1 g.), from the fog chamber. 
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X-rays. 
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19.6 




50 


36 



The full .A^ curves are best given graphically. Data for the radium at 
Z) = 100 — 200 cm. are scarcely distinguishable from air except near the 

1 Read by title at the Chicago Meeting of the Physical Society, April 22, 1905. For 
earlier observations see Science, XXL, p. 275, 1905; ibiii.^ XXL, p. 563, 1905; 
Am. Journ. Sci. (4), XIX., p. 349, 1905. 
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fog limit ; for radium at-Z?= 10— 25 cm. they lie close together, above 
the former and below the data for Z> = o. With these the X-ray effects 
at-Z?=io — 50 cm. are in sequence. Thus there is general continuity 
between the air curves, the radium curves and the X-ray curves. As a 
whole the curves for N and ^p are doubly inflected : relatively large 
nuclei are rapidly fewer in number as ^p decreases, relatively small nuclei 
are also rapidly fewer in number as dp increases. Nevertheless the 
efficient nuclei of intermediate dimensions are of all sizes, while this size 
tends to become more uniform as the ionization is greater, /'. ^., the slopes 
of the curves become steeper. Gradation is accentuated for the case of 
weak ionization. 

2. Decay of Fleeting Nuclei. — If ^ is expressed in thousands of 
nuclei per cub. centim. and the time of decay / in seconds and if 1/ ^ = 
fl -f ^/ so that //iV//// = — bN^ the datum ^ = .002 reproduces the decay 
curves moderately well, except at the beginning (/ < 30 sec), where the 
observed data are steeper. 

3. Generation and Decay of Persistent Nuclei. — First exhaustion data 
of the generation of persistent nuclei are difficult to obtain because the 
coronas soon become heavy fogs, distorted beyond recognition, and the 
fog limits variable over wide limits often approaching vanishing small- 
ness. The number of persistent nuclei generated varies with the time of 
exposure at an accelerated rate as if the nuclei themselves assisted in the 
generation. For instance at ^^ = 19.7 cm., after the times of exposure 
I, 2, 3 minutes the nucleations were iV X lo"* 22, 77 (120), respectively. 

If iVbe expressed in thousands of nuclei per cubic centimeter, if / is 
the time of decay in seconds, and if i/N^= a + dt (for which there is 
here no experimental justification, and which serves only for systematic 
comparison with the preceding case), the data show that ^= .000013, 
/. e., over 200 times smaller than in § 2. 

4. Solution of Fleeting Nuclei (Ions). — Further experiments in the 
wooden fog chamber showed that 25-50 per cent, of the fleeting nuclei 
could be caught and made stable on solution. The mean datum of all 
results irrespective of the time interval (the effect of which within a few 
minutes is probably inappreciable) is a preservation of 39 per cent, on 
re-evaporation of the originally fleeting nuclei from the fog particles con- 
densed on them. In the absence of subsidence of fog (which can not 
here be allowed for) the result would be larger. In the glass fog cham- 
ber which could be made rigorously free from leakage but in which the 
subsidence loss was greater, 20 per cent, persisted, while all but 2-5 
percent, were lost in i minute in the absence of solution. Persisting in 
the 1-3 minutes following evaporation was not appreciably different, 
indicating long periods of decay. 

5. Solutional Enlargement of the Nuclei in Dust-free Air. — The most 
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interesting case observed is the marked decrement of the fog limit of 
dust free air producible by solution of the nuclei. Let the first exhaus- 
tion be made decidedly above the fog limit (say here at ^ = 23 cm.), 
to obtain a corona of appreciable size. On evaporating the fog particles, 
let the second exhaustion be made decidedly below the fog limit (say at 
^/ = 21 cm.). A large corona, which would otherwise be quite absent, 
will be observed. Within 3 minutes about 25 per cent, of the nuclei 
are found to persist. After 10 minutes not more than 5 per cent, were 
left. 

6. Cause of Periodicity} — In cases of alternations of large and small 
coronas, whether the persistence be attributed to electrical potential, or 
to solution, a water nucleus is always in question. Small fog particles 
are caught on small nuclei near the limit of exhaustion and these evapo- 
rate and become the water nuclei available for the next exhaustion. In 
general there are three groups of nuclei x^ y^ z, concerned in an exhaus- 
tion : a group x of water nuclei from the preceding exhaustion ; a group 
2, which will evaporate to make the water nuclei of the succeeding ex- 
haustion ; finally the group y comprising the efficient nuclei of the ex- 
haustion in question. In case of periodicity the successive exhaustions 
follow the scheme 



Exhaustion I 


A «i 


Superior corona on y^ 
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r, = f, «, = o 


Inferior corona on i, 
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•»^s=«t=^o y,+ys H 


Superior corona on y^ -h^s 
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•'4 = »J «4 = 


Inferior corona on «, 


5 


etc. 


Superior corona in >'^ -^y^ 



All the details observed with alternations, are thus explained. In view 
of the rapidity of decay the corona will be formed on the saturation value 

7. Persistence in General, — This may reasonably be ascribed to the 
formation of water nuclei, a point of view carried out in my memoir on 
the structure of the nucleus (Smithsonian Contributions, No. 1373, 1903), 
but much enhanced by the data of the present investigation. The heavy 
rains accompanying condensation in case of the persistent X-ray nuclei, 
are attributable to spontaneous condensation without supersaturation, the 
nucleus acting under intense X-radiation like a hygroscopic solute. The 
same result may follow the action of ultra-violet light, as it certainly must 
result from the presence of phosphorus and of sulphuric acid nuclei. 

8. Distance Effect in Case of X-rays. — The behavior of the wooden 
fog chamber in relation to rays coming from different distances being 
such as if the circumambient medium were equally energised with some* 

»Cf. Am. Jour. Sci. (4), XIX., p. 349, 1905. 
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thing recalling the character galvanic polarization, throughout, the fol- 
lowing mean data are designed to throw further light upon this behavior. 
D is the distance of the bulb from the fog chamber. The exhaustion is 
at the fog limit of dust free air. 

Fog chamber /?= 6 50 

Wood, lead-cased KM M= 50 

Glass, walls, .3 cm., bottom t 70 

1.0 cm. thick / 55 

Glass cased in close-fitting lead tube pro- 1 _ co ^ 2$ 12 cm 

longed 50 cm. toward bulb / 

Media pervious with difficulty eliminate the secondary radiation enter- 
ing the broadsides and to close the end towards the bulb is to eliminate 
nearly all the rays ; but if this is open, the number of nuclei instantly 
generated decreases much more slowly than the first power of distance. 
The fact that to the wooden fog chamber the medium within a sphere of 
at least 6 meters in radius remains almost equally energized throughout 
remains a result of importance. 

9. Nucleation Due to Gamma Rays. — To what extent nucleation is 
producible by gamma rays may be tested by radium enclosed in a thick 
chamber of lead. The results are strikingly confirmatory. For instance 
in case of radium (10,000 x ) enclosed in a hermetically sealed aluminum 
tube and placed outside, but close to the end of the fog chamber (bottom 
nearly i cm. thick, walls .3 cm. thick), the data were 

Radium m sealed aluminum 10 - ' A''= 27 Transmission lOO" per cent. 

Radium in lead tube . 5 cm. thick 23 85 per cent. 

Radium in lead tube i.o cm. thick 18 69 per cent. 

The nuclei are thus very largely due to this extremely penetrating radi- 
ation. By using lead tubes, capped and not capped, 30 cm. and 60 cm. 
long and placed parallel to the end of fog chamber, no evidence of sec- 
ondary radiation was discernable, all the effective radiation passing 
through the lead walls. Hence while the gamma rays of radium con- 
tribute but a few percent, of the ionization of the air, they produce 
nearly the whole of the nucleation. 

10. Distance Effect in Case of Radium, — ^In comparison with the 
abundant nucleation after the penetration specified, the decrease of nucle- 
ation observed when the tube is at different distances, Z>, from the fog 
chamber is remarkably large. For example 

D = o 10 30 50 100 200 cm. 

iVX 10-^=30 13 8 5 3 2 

If measurement be made from the line of sight (10 cm. from end of fog 
1 Through .14 cm. of lead iQr^N-=. 3 ; through .05 cm. of iron 10— *iV= 44. 
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chamber) the nucleation decreases less rapidly than the first power of 
distance. Hence whereas the distance effect in case of X-rays is small, 
it is very large in radium. On the other hand, rays from radium show 
remarkable nucleating power after penetrating many centimeters of lead, 
whereas the nucleating power of the X-rays after such penetration is rela- 
tively negligible. 

II. Axial Nucleation Within the Fog Chamber, — Finally, when the 
rays have once entered the fog chamber, the nucleation along the axis 
seems nearly uniform. Measurements are difficult, but while the nucle- 
ation decreases to nearly one-fourth when the radium is placed on the out- 
side of the fog chamber, 40 cm. (axially) from the end, the coronas along 
40 cm. within the fog chamber are nearly of the same aperture for any 
given position of the radium tube. 



Optical Rotation by a Quartz Prism.* 
By H. M. Reese. 

IN this paper, which is merely a preliminary note, the author has inves- 
tigated mathematically the form of the diffraction pattern which would 
result from a rectangular opening if the beam of light were polarized, not 
all in the same azimuth, but in an azimuth which varies uniformly from 
one side of the beam to the other. Such a beam is furnished by a quartz 
prism cut so that the optic axis is parallel to the base of the prism and 
normal to its refracting edge if the incident light is plane polarized. The 
theory indicates two principal maxima instead of one, the general form 
of the pattern depending upon the width of the beam as compared to the 
rotating power of the quartz. The phase-relations show that the two 
principal maxima are circularly polarized in opposite senses. This shows 
that Fresnel's observation that plane- polarized light is resolved into two 
circularly polarized components can be explained purely on the basis of 
diffraction. 

Polarization of Standard Cells.* 
By R. R. Ramsey. 

MY purpose in performing the experiments described below was to 
determine the character of the polarization of cells, containing 
mercurous sulphate, when they are connected to a battery. The cells 

1 Abstract of a paper presented at the Chicago meeting of the Physical Society, April 
22, 1905. 
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were made according to the usual formula for cadmium cells of the H 
form. Connections were made as in Fig. i. 5 is the cell under investi- 
gation. E\s2l, battery of ^st, cells. A is milliammeter. C is a com- 
mutator. ^ is a resistance box. PP is a potentiometer. B is the 
potentiometer battery. C is a galvanometer in the potentiometer circuit. 
R' is a resistance box. K is a contact key by means of which any one of 
six cells (one of which was never used except as a standard) could be 




Fig. 1. 

thrown into the potentiometer circuit, C being open. By opening K and 
closing C current could be forced through the cell under investigation in 
the direct or reversed direction. By varying the resistance, R^ the ap- 
proximate resistance of the cell could be determined. From the current, 
the resistances in the circuit, and the difference of potential at the terminal 
of the battery, E^ the e.m.f. of the cell, 5, could be determined. In 
the first runs, the change in the potential of the cells is shown by plot- 
ting the current as ordinates and time as abscissas. In cells the diameter 
of whose mercury electrode is i cm. with a current of about four milli- 
amperes, the initial current is proportional to the total e.m.f. in the 
circuit, curve I, Fig. 2. The current gradually decreases and reaches 
a steady value in about ten minutes. This steady value being propor- 
tional to the e.m.f. of the battery E, After remaining constant from 
two to four hours, say, the current rapidly decreases to an unsteady value 
near zero. If the current is broken at any time after the first decrease, 
the potentiometer shows its e.m.f. to be a few hundredths volts. The 
The e.m.f. gradually increases and after short runs the cell may regain 
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its original e.m.f. to within a few thousandths of a volt. After very ex- 
tended runs the celk recover very slowly, in one case from 0.017 ^o 
0.084 volts in two weeks. If the current is reversed after the cell has 
been run down, the current increases to a maximum in about ten minutes, 
and then rapidly decreases to an unsteady value near zero, Curve 3 and 
5, Fig. 2. Potentiometer readings after a run show the e.m.f. to be near 




the normal value. A double H cell was made with three electrodes, 
two of mercury and one of cadmium. Connections were made with the 
cadmium and one of the mercury electrodes and the cell allowed to run 
down. The potentiometer shows the e.m.f. between the cadmium and 
second electrode to be normal, showing the polarization to be at the 
mercury terminal. 



On the Measurement of Current by a Quadrant Electrom- 
eter.* 

By O. M. Stewart. 

CASE investigated is that where the current flowing into a conductor 
connected to one pair of quadrants is measured by determining the 
velocity of the needle. This is the usual method in radioactivity work. 

' Abstract of a paper presented at the Chicago meeting of the Physical Society, April 
22, 1905. 
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Two cases are considered : First, that where the change in capacity of 
the electrometer due to the motion of the needle does not appreciably 
affect the capacity of the apparatus. And second, the more general case, 
where the capacity is treated as a variable. 

It is shown that after the needle has reached uniform motion the cur- 
rent is proportional to the angular velocity of the needle. A simple 
method is given for finding the time it requires for the needle to reach 
this uniform speed. When the capacity is constant the time for the 
needle to acquire a velocity within say 2 per cent, of the final velocity is the 
same as the time required for the needle to return when grounded to a 
vibration having an amplitude of 2 per cent, of the original steady de- 
flection. 

In the second case it is shown that after the velocity has become con- 
stant, the effective capacity becomes constant and has then the value 
given by Professor J. J. Thomson.* The ratio of the effective capacity 
to the capacity when the needle does not move can be obtained from 
the ratio of the deflection when the quadrants are connected to a certain 
potential to the deflection when the quadrants had only been connected 
a very short time. 

It is found that the maximum sensibility for current work does not 
coincide with the maximum sensibility for steady deflections. When the 
potential of the needle is changed until the effective capacity is twice 
the capacity when at zero and not allowed to move, the electrometer will 
be the most sensitive. This however is true only when the potential of 
the needle is below the potential giving maximum sensibility for ordinary 
deflections. It is worth consideration when the capacity connected to 
the electrometer is small compared to that of the electrometer itself. 

The equations deduced for the motion of the needle show that the 
deflection reached in a definite time after the ground is broken is in all 
cases proportional to the current. It is not necessary in this method to 
wait until the velocity has become uniform. It is however necessary to 
eliminate the disturbance sometimes caused by the breaking of the ground 
connection. 

Surface Tension by the Method of Liquid Jets.^ 

By Floyd R. Watson. 

WHEN a liquid issues horizontally from a small, nearly circular 
orifice in a thin wall of a vessel, the stream formed assumes a 
definite shape, the boundaries of which are fixed. In the case of an 

> Philosophical Magazine. 

' Abstract of a paper presented at the Chicago meeting of the Physical Society, April 
22, 1905. 
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elliptical orifice the shape of the jet may be likened roughly to that of a 
link chain, the links — crests — ^being first horizontal, then vertical, giv- 
ing the appearance of standing waves on the stream. Fig. i is a photo- 
graph of such a stream. 




Fig. 1. 

The complete explanation of the properties of the jet was given by 
Rayleigh* in 1879. ^^^ equation deduced for this case is as follows*: 



/ ^ Tz\A-l A— \/r^ — // 



where// 2 r is the frequency of the motion ; A is the mean cross-section 
of the jet; T'the surface tension; p the density; and n the mode of 
vibration, being equal to unity for a circular jet, two for a jet from an 
elliptical orifice, three for a jet from a triangular orifice, etc. As the 
frequency pjiTz equals the velocity divided by the wave-length Z//A, the 
equation may be written, 

^^ 2tAvAI \p 

from which the surface tension is expressed as 



7-= 



^Tz\v^A\ p 



The tension may then be calculated when values are found for A, Vy and 
A. 

The method of measurement used was suggested by Rayleigh* though 
he did not use this formula for the absolute determination of surface ten- 
sion. The apparatus used is shown in Fig. 2. A glass bulb D which 
can be raised or lowered, contains the liquid whose tension is to be de- 
termined. A rubber tube fastened to the base of this bulb allows the 
liquid to pass to a horizontal tube B and thence to the air through an 
elliptical orfice about i mm. in diameter. A transparent glass scale C 
is attached to -5 in a vertical plane that includes the axis of the jet. 

' Proc. Roy. Soc, 29, 71, also Theory of Sound, Vol. 2, H 357, 358. 
2 Theory of Sound, Vol. 2, § 358, equation I. 
*Proc. Roy. Soc, 47, 281. 
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The velocity r is calculated from the relation v = ^ 2ghy h being the 
vertical distance from the level of the liquid in D to the level of the 
orifice in ^. ^ is found from the relation m = vAtpy where tn is the 
mass of fluid that pasces through the orifice in the time /. The value of 
X is obtained by measuring the distance between two adjacent crests on 
the jet. This measurement is subject to error in that the wave-lengths are 
small — from i J^ to 3 cm. — and that it is difficult to estimate the 
position of the center of each crest. Further, as I depends on the pres- 




Fig. 2. 

sure head h which is constantly decreasing, an element of haste is in- 
troduced. 

Special means were taken to lessen these chances for error. The jet 
was placed in front of a lecture lantern so that its shadow was thrown on 
the screen, thus magnifying the distance I about 20 times. A was then 
measured with a beam compass and read off" on the scale C which was 
also thrown on the screen and magnified in the same proportion as the 
jet. Fig. I is copied from a photograph of the screen when the shadow 
of a jet of water was thrown on it. The time of exposure was about 20 
seconds, and the head h diminished about 3 cm. 

Measurements were taken by the above method for water, water con- 
taminated with oil, mercury, and mercury wet with water. The follow- 
ing table gives results : 
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Dftte. , 

Mar.23l 
" 29 
'* 29 
*» 29 
••27 
••27; 

April 3 I 



Liquid. 



water. 

water. 

water and oil. 

water repeated. 

mercury. 

mercury wet with water, 

mercury. 



3>.= 5.3 cm. I 
3a=5.53 •• 
3a=2.48 •• I 
3A=5.46 •• 

;i=i.5 •• 

X=1.5 •• 
2:^=3.44 •• 



3 I mercury wet with water. 2a=3.41 •* 



h 


m 


/ 


39 cm. 


98.8 gms. 


20 sec. 


44.6 •• 


133.1 •• 


25.2 •• 


42.0 •• 


141.2 •• 


27.2 •• 


16.1 •• 


852 •• 


20 •• 


16.5 •• 






19.0 •• 


1006 •• 


21 •• 


18.3 •• 







[Vol. 


XXI. 






Temp. 


T 


21c 


69.1 


23.5 


70.5 


i( 


39.8 


(* 


71.3 


22 c 


527 


fi 


527? 


21.1 , 


495 


t< 


484.8 



The tensions found for water are less than the values found by other 
methods, the accepted value being about 73 dynes per cm. at 23® C. 
The effect of oil on ^vater is interesting. Oil was forced into the aper- 
ture from which the jet escaped, then a water jet was set up which passed 
through this layer of oil. The tension dropped from 70.5 dynes to 39.8 
dynes ; then as the oil became washed out, the jet changed its form back 
to the water jet and the tension rose to its former value. From this 
measurement it seems that a newly-formed water surface when con- 
taminated slightly with oil does not drop immediately in tension. This 
is in accordance with a result found by Rayleigh * where a freshly formed 
surface of soap solution had nearly the same tension as pure water. 

The results found for mercury are not so satisfactory as the water ten- 
sions; the values varying from 527 to 495 dynes per cm. for different 
days. Yet both of these values are good ones compared with previous 
work done by the writer,* where the highest tension found was 510 dynes 
per cm. Good results should be expected by this method for the sur- 
faces are not exposed long enough to the air to cause the tension to drop. 

Tensions for mercury wet with water do not show an appreciable 
variation from the tensions of mercury supposedly not wet. Two con- 
clusions seem probable in this connection ; first, that the mercury was 
wet in both measurements, and second, that a fresh surface of wet mercury 
has nearly the same tension as dry mercury. It is not improbable that 
the mercury was wet all the time, for the reason that it was cleaned with 
concentrated H,SO^ and pasty mercurous sulphate.' 

1 Proc. Roy. Soc., 47, 281. 
*Phys. Rev., 12, 257. 
'Phvs. Rev., 12, 264. 
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Comparison of the Mutual Inductance of a Pair of Coils 
With The Self Inductance of One of Them.* 

By Robert T. Herdegen. 

MAXWELL'S method* is modified so as to permit the use of the 
differential transformer as a measuring instrument.* The balance 
condition being equality of amplitude and phase of the two currents in 
the differential transformer simplifies the expression for the ratio of L to 
M, The sharpness of the balance makes it possible to determine this 
ratio to an accuracy of one-tenth per cent, for a single observation. 



The Radius of Molecular Attraction.* 
By C. W. Chamberlain. 

IT has been suggested that it would be impossible for a liquid film to 
exist, the thickness of part of which is less than twice the radius of 
molecular attraction. Quinke reached the conclusion that the radius of 
molecular attraction is approximately equal to 5(10)"* cm. Johonott 
found that the minimum thickness which a soap film can attain is 6(io)~^ 
cm., while the limiting thickness attained by the first black is 
1.2(10)"^ cm. 

If Johonott's measurement of the limiting thickness of a liquid film 
can be taken as a determination of the radius of molecular attraction, the 
discrepancy between this value and that of Quinke remains to be ex- 
plained. 

A silver wedge was formed upon a plate of optical glass and Quinke*s 
method employed for finding the point at which the thickness of the 
silver was equal to the radius of molecular attraction. Quinke estimated 
this thickness by its color. An attempt was made to measure the thick- 
ness by means of a Michelson interferometer. If Quinke's value 5 ( lo)"* 
cm. is correct, assuming the index of refraction of silver to be .25, the 
shift in the interferometer ought to be .15 of a fringe.* The shifting of 
the fringe was in every case less than this amount. 

A multiple reflection or compound interferometer was devised, suitable 
for making rapid and accurate measurements of thin wedges of small area. 
Light incident on a plane parallel plate provided with a thin film of 
silver was reflected and refracted to two mirrors placed at angles of 67 J^ 

1 Abstract of a paper presented at the Chicago meeting of the Ph3rsical Society, April 
22, 1905. 

« El. and Mag., Vol. II., p. 365. 

» A. Trowbridge, Phys. Rev., CVIL, February, 1905. 
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degrees to the plane parallel plate. The light was reflected from these 
two mirrors in paths parallel to each other to a third mirror and then to 
a fourth. The third and fourth mirror made a slight angle with each 
other and the parallel rays were thus reflected many times between them 
and finally returned along their entering paths where they were made to 
recombine and interfere. By changing the angle between the third and 
fourth mirror by means of a single adjusting screw the instrument could 
be compounded from one to twenty times. It possessed the advantage 
of showing interference fringes of several powers in the field of view at 
the same time. The observer could quickly and conveniently select that 
power best suited to the measurement of the magnitude under investiga- 
tion. 

As it was desirable to test the accuracy of Quinke's determination and 
as Kundt's value for the index of refraction of silver is somewhat in 
doubt, the silver wedges were changed into silver iodide before their 
thickness was measured. 

The work has progressed far enough to indicate that Quinke's value 
for the radius of molecular attraction is at least twice too large. 
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THERMO-ELECTRIC DETERMINATION OF TEMPERA- 
TURES BETWEEN 0° AND 200° CENTIGRADE. 

By a. de Forest Palmer, Jr. 

THE thermo-electric thermometer has been developed, for the 
most part, in connection with the measurement of very high 
or very low temperatures and neither the instruments nor the reduc- 
tion formulae in common use are available for accurate work in the 
interval between 0° and 200° C. The apparatus and method, de- 
scribed in some detail below, were, accordingly, developed for the 
purpose of determining the precision attainable in this interval with 
suitably chosen thermo-elements. At the outset, the well-known 
thermo-electric properties of constantin suggested the adoption of 
the iron constantin element, but, at that time, constantin wire of 
suitable size could not be obtained, without considerable delay due 
to the necessity of importation. To save time, wire supplied by 
the Driver-Harris Wire Co., of Harrison, N. J., under the trade 
name ** Advance," was tried. Analysis of a sample of this wire 
showed that it contained approximately 5 5 per cent, copper, 44.4 per 
cent, nickel and 0.6 per cent. iron. A preliminSiry calibration of an 
element, composed of advance wire in conjunction with commercial 
soft iron wire, by comparison with an uncorrected mercury ther- 
mometer showed a nearly linear relation between thermo -electro- 
motive force and temperature when the cold junctions were kept at 
a constant temperature. The mean electromotive force per degree 
Centigrade in the range from 0° to 100° C. was found to be ap- 
proximately fifty micro-volts. These results agree so closely with 
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the known composition and properties of constantin that it seemed 
inexpedient to incur the delay of importation and the following 
observations were, accordingly, made with iron-advance thermo- 
elements. 

Outline of the Method. 

The thermo-elements were connected to a potentiometer by 
copper wires. The copper-iron and copper-advance junctions were 
kept constantly at o° C. in melting ice, while the iron-advance junc- 
tion was immersed in various constant temperature baths, and the 
resultant electromotive forces were measured in the usual manner 
by comparison with a Clark cell. During the preliminary tests of 
the apparatus considerable uncertainty in its indications was pro- 
duced by residual thermo-electric effects, /. ^., by the electromotive 
forces generated in the various parts of the potentiometer and at 
other junctions than those under test. These residual effects were 
due largely to lack of uniformity in the temperature of the various 
parts of the potentiometer system ; they varied continually, but 
never abruptly, in magnitude and sign and their resultant magnitude 
sometimes amounted to ten micro-volts. Since it was impracticable 
to keep the whole apparatus at a perfectly uniform and constant tem- 
perature an auxiliary potentiometer, described below, was introduced 
in such a manner as to balance the residual effects without, at the 
same time, impeding the action of the electromotive force due to 
the element tested. When this device was properly adjusted the 
uncertainty of a single determination rarely exceeded one micro- 
volt. 

Hot Junctkjn Temperatures. 

The iron-advance junction was maintained successively at the tran- 
sition temperature of sodic sulphate (NajSO^ -f- loH^O) and the 
boiling points of benzene (QH^), distilled water, chloro-benzene 
(CgHgCl), and aniline (CgH^N). The temperature corresponding to 
each boiling point was calculated from the corrected height of the 
barometer at the time of observation. Somewhat greater accuracy 
in fixing these points might have been attained by the judicious use 
of well constructed and carefully calibrated mercury thermometers, 
but, as such instruments were not available, reliance was necessarily 
placed on published determinations of the boiling constants of the 
various liquids. 
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Sodic sulphate, marked C.P., was obtained from Eimer and 
Amend and recrystallized until further continuance of the process 
produced no change in the transition temperature. Two successive 
cr>'stallizations usually proved sufficient and, when the heating bath 
was kept between 33 ° and 34°C., various samples of the salt exhibited 
the same transition temperature, within the errors of observation ; 
moreover this temperature remained constant, within the same 
limits, for long periods of time. As a datum in exact thermometry 
this point is comparable with the ice point in convenience and 
accuracy of maintenance and is much superior to any of the boil- 
ing points since it is independent of fluctuations in atmospheric 
pressure. A series of very accurate determinations by Richards 
and Wells* gives 32°. 383, hydrogen thermometer scale, as the 
exact temperature at which transition takes place. 

All of the organic Hquids, enumerated above, were Kahlbaum 
products. They were carefully fractionated, in the chemical labo- 
ratory of Brown University, until they maintained constant boiling 
points, and the sample of benzene had stood in contact with sodium 
wire nearly a year for the purpose of freeing it from water. The 
boiling points of these liquids have been determined by several 
observers and the following values, referred to the air thermometer 
scale, have been adopted as the most trustworthy. 

Liquid. Boiling Point. 

Benzene 80M9 + .0455 (H — 760) 

Chloro-bcnzene 131^85 -f .049 (H — 760) 

Aniline 184M3 + .051 (H - 760) 

The first of these values was taken from a paper by Holman and 
Gleason ^ and the second was calculated from the air thermometer 
observations of Ramsay and Young,^ using .00367 for the coefficient 
of expansion of air. The normal boiling point of aniline is due to 
Callendar and Griffiths * and the pressure coefficient .05 1 to Ramsay 
and Young.* The temperature of the steam from water boiling 

»T. W. Richards and R. C. Wells, Proc. Am. Acad., Vol. 38, p. 431, Dec, 1902. 
2S. W. Holman and W. H. Gleason, Proc. Am. Acad., Vol. 15, p. 237, 1888. 
'William Ramsay and Sidney Young, Trans. Chem. Soc., Vol. 47, p. 645, 1885. 
♦ H. L. Callendar and E. H. Griffiths, Chem. News, Vol. 63, p. i , January 2, 
1891. 

< William Ramsay and Sidney Young, 1. c, p. 655. 
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under observed atmospheric conditions was taken from Landolt and 
B6mstein*s *' Physikalisch-Chemische Tabellen." 

Apparatus. 
The construction of the thermo-elements is exhibited in Figs, i 
and 2. Ad is a No. 30 B.S. advance wire and Fe is a commercial 
soft iron wire of nearly the same diameter. These wires pass 
through openings in the cork K, Fig. 2 ; Fe inside and Ad outside 
of a glass tube L about one millimeter internal diameter, three mil- 
limeters external diameter, and twenty centimeters long. They are 
soldered together at G to form the hot junction. The cold junc- 
tions/, /', Fig. I, are constructed in essentially the same manner. 
Both Fe and Ad pass inside of glass tubes 7", 7^, of the same 

dimensions as Z, Fig. 2, while the copper 
wires Cu, Cu, leadng to the potentiometer, 
are outside of the tubes. The length of 
the wires between C, Fig. i, and K, Fig. 
2, is about one meter. Both of these 
wires and also the copper wires Cu, Cu 
are insulated by passing through small 
rubber tubes and all of the wires and 
tubes are held firmly in place in the corks 
C and K by sealing wax caps W, V so 
that the element can be easily removed 
from one heating bath to another. Three 
elements, constructed from different por- 
tions of the same samples of wire, were 
tested. The iron-advance junctions were 
entirely independent of one another but 
all of the copper-iron and copper-advance junctions were brought 
together in the tube C/ of the cooling apparatus, Fig. i, for the pur- 
pose of keeping them at a uniform temperature. For the sake of 
clearness only one pair of junctions y, /' is delineated in Fig. i, 
but in practise the three pairs were held firmly together by the 
cork C and a rubber band around the lower ends of the tubes T, 
The cooling chamber, Fig. i , consists of a wide-neck glass bottle 
B, about 600 c.c. capacity, centrally supported in a tin plate tank 




Fig. I. 
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AA, 22 cm. high and 15 cm. diameter. A strong test tube U^ 
filled to about one third its capacity with paraffin oil, is supported, 
with about two thirds its length in the bottle B^ by the cork P and 
serves as a bath for the cold junctions J^f. The tank AA was 
placed inside of a large wooden box covered with asbestus to shield 
it from direct radiation from the heating apparatus at the hot junc- 
tion. Clear pond ice, free from specks and air bubbles, was crushed 
to about the size of large chestnuts and carefully washed with dis- 
tilled water, while contained in a glass funnel to allow free drainage. 
About two thirds of the anular space between U and B was filled 
with ice thus prepared and the remaining space was filled with dis- 
tilled water. The space between A and B was filled with ordinary 
crushed ice. After standing twenty or thirty minutes, with occa- 
sional agitation of the ice and water in B by means of the tube U, 
which was slightly raised from its normal position for the purpose, 
the temperature of the oil in £/ became uniform and remained per- 
fectly constant, within the limit of sensitiveness of the thermo- 
elements, as long as the apparatus was in use ; ten or twelve hours 
on some occasions. The drainage tube was normally closed by 
a rubber tube and pinch cock but it was occasionally opened to 
drain off water, due to melting of the ice in A, after which the space 
between A and B was again filled up with crushed ice. When the 
iron-advance junction was immersed in a similarly constructed bath, 
charged with various samples of pond ice prepared as described 
above, the resultant electromotive force of the system was invari- 
ably too small to be detected with the galvanometer used in these 
experiments, although it easily showed a difference of potential of 
one tenth of a micro-volt between its terminals. It was, therefore, 
concluded that the temperature of the bath B represented the true 
melting point of ice within the limit attainable by the present 
method. 

The sodic sulphate bath is illustrated in Fig. 2. DD is a glass 
beaker, 18 cm. high and 10 cm. diameter, nearly filled with water 
and provided with a german silver heating coil HH, The test tube 
E, 20 cm. long and 3.5 cm. diameter, is supported axially in the 
beaker by a clamp stand not shown in the figure. F and S are 
smaller test tubes supported concentrically with E by the corks N 
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and M, S contains paraffin oil, that serves as a bath for the iron- 
advance junction, and F contains sodic sulphate, prepared as de- 
scribed above. Sufficient salt was introduced to keep F filled 
nearly as high as the surface of the water in DD, The anular air 
space between E and F serves to render the interchange of heat 
between the two tubes more uniform and aids materially in mam- 
taining a constant temperature. A mercury thermometer was im- 
mersed in the water in the beaker and the temperature quickly 
raised to about 33° C. with a Bunsen burner. 
The coil HH was then connected to a storage 
battery through an ammeter and rheostat and 
the current strength was adjusted so that the tem- 
perature of the bath remained nearly constant. 
The tube F was cautiously heated, over a Bunsen 
flame, until the sodic sulphate began to melt ; it 
was then placed in the water bath, as indicated 
in Fig. 2, and the salt thoroughly stirred, with 
the tube 5, until equilibrium was established and 
the temperature remained constant. The essen- 
tial features of this apparatus and method of 
manipulation are the same as those adopted by 
Richards and Wells ^ in their determination of 
the transition temperature. 
Vapor jacketed hypsometers were employed with benzene and 
water. These instruments were of the well known type, adapted 
to the determination of the boiling points of accurate mercury ther- 
mometers in the vertical position, and were provided with tubular 
oil baths, similar to 5, Fig. 2, in the place usually occupied by the 
thermometer. The instrument used with water was made of tin 
plate and held about one liter of water. It was not provided with 
a condenser and hence volatile impurities in the water would pro- 
duce a gradual change in the boiling point. Since the observations 
give no evidence of such a change, it was assumed that the dis- 
tilled water employed was free from such impurities. A sheet cop- 
per hypsometer, provided with an inverted condenser, was used with 
benzene and the condenser was occasionally turned over to test the 
6T. W. Richards and R. C. Wells, 1. c. 
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constancy of the boiling point. Both of these instruments were 
jacketed on the outside with felt packing and asbestus and con- 
tained a quantity of sharp-pointed bits of copper wire to insure quiet 
boiling and prevent super-heating. 

Chloro-benzene and aniline were boiled in the apparatus illus- 
trated in Fig. 3, some features of which are due to Barus.^ 7" is 
a glass boihng tube, 36 cm. long and 4.5 cm. internal diameter, 
surrounded by a plaster of paris muffle MM, 20 cm. long and 15 
cm. diameter. The muffle was protected by the tin plate can in 
which it was cast and, together with the other parts of the apparatus, 
was supported by a clamp stand not shown in 
the figure. The top of the boiling tube was 
closed by a cork /*that supported a tubular oil 
bath 5 and an inverted condenser C, The 
muffle and the vapor in the upper part of T 
were protected from the direct radiation from 
the ring burner B by an asbestus diaphragm 
A and the lower end of 3" was surrounded by 
fine brass gauze G to insure uniform healing. 
A number of short capillary tubes, closed at the 
upper end and supported vertically in the liquid, 
caused the ebullition to progress regularly and 
quietly. The surface of the liquid was never 
allowed to fall below the diaphragm A and the 
burner was so adjusted that the condensation 
line in the condenser C remained at an approxi- 
mately constant height, 10 to 15 cm., above the 
cork P, Under these conditions the tempera- 
ture of the vapor remained perfectly constant 
so far as could be detected by the thermo-ele- 
ments. During the course of the experiment the constancy of the 
boiling point was tested by inverting the condenser and allowing 
the liquid to distill over. The purity of the liquids is attested by 
the fact that this process never produced a definitely observable 
change in the temperature of the vapor, although more than half 
the volume of liquid was allowed to pass over in some cases. 

" Carl Barus, Bulletin No. 54, United Slates Geological Survey, 1889. 
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Fig. 4 is a schematic diagram of the potentiometer system and 
connections. The resistances R^, R, /?', and the slide wires A-A* 
and E-E constitute the primary potentiometer and are connected 
in series with a single storage cell B through the double pole switch 
5. The variable high resistance R^ and the slide wire F-F' , con- 
nected in series with a single dry cell B* through the reversing key 
D, constitute the auxiliary potentiometer, used to balance the resid- 
ual thermo-electric effects. The thermo-element T is connected 
to the primary potentiometer, through the three way double pole 
switch W, the double pole double throw switch P, the galvanometer 
Gy and the length F-M of the auxiliary potentiometer wire, as in- 
dicated by the full lines in the diagram and its electromotive force 
is balanced against the fall of potential along HA and the resistance 



F«bA« 



c-h 




Fig. 4 

/?'. For the sake of clearness only one of the elements is repre- 
sented in the drawing. The other two are connected to the points 
2, 2' and 3, 3' respectively and the interchange of elements is 
easily effected by moving the connection bars 4-1 and 4'-!' of the 
switch W, When the switch P is thrown to the position indicated 
by the dotted lines 5-6 and 5'-6' the Clark cell C is connected to 
the primary potentiometer, through the galvanometer, and its 
electromotive force is balanced against the fall of potential through 
a fixed resistance R of about 2,000 ohms. The slide wire A— A' 
was carefully calibrated and the resistances R and R' were accurately 



Digitized by 



Google 



No. 2. ] DE TERMINA TION OF TEMPERA TURES. 7 3 

determined in terms of its mean resistance per unit length. The 
contact H was moved by an endless wire belt actuated by a milled 
head, situated at the end of the slide wire, and its position was 
determined by a vernier reading directly to one tenth of a milli- 
meter. 

Observations. 

With the switch P, Fig. 4, thrown to the position 5-6, 5 '-6' and 
the switch 5 closed, the resistance R^ and the sliding contact N 
were so adjusted that the galvanometer showed no deflection when 
the key K was closed. P was then thrown to 6-7, 6'-7', K and 
R^ changed reciprocally, and H moved along the wire until balance 
was again produced. The connection bar 4-1 was then moved to 
the position indicated by the dotted line 4-4', S was opened, and 
the residual electromotive forces were balanced by properly adjust- 
ing the commutator D, the resistance R^, and the sliding contact 
M, These operations were repeated, in the above order, until exact 
balance was observed in each of the three cases without changing 
the potentiometer adjustments. Usually two repetitions sufficed 
for this purpose and, as the various switches could be worked 
rapidly, the necessary operations caused very little loss of time and 
inconvenience. 

When these adjustments have been made it is obvious that the 
resultant electromotive force (F), in micro-volts, of the element 
connected to the potentiometer is given by the expression 

F=(;?>+;r)|x io« (I) 

where E is the electromotive force of the Clark cell at the time of 
the observation, R and /?' are resistances, designated in Fig. 4, 
expressed in terms of the resistance of one centimeter of the slide 
wire, and x is the corrected length of the wire between A* and H, 
The electromotive force of the Clark cell used in these experi- 
ments was given by the formula 

E=^ i.438-.ooi(/- 17) (2) 

where / is th^ temperature of the cell, and the resistance R was 
equivalent to 148,870 cm. of the slide wire. Substituting these 
values in (i) gives 

F= {R! + X) [9.659 - .007 (/ - 1 7)] (3) 
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Hence, a change of one millimeter in x is equivalent to a change 
of a little less than one micro-volt in V and as the contact H can 
be easily set and read to one tenth of a millimeter the limit of sensi- 
tiveness of the apparatus is about one tenth of a micro-volt. 

During all 6f the observations the copper-iron and copper-advance 
junctions were maintained at o° C. in the bath illustrated in Fig. i 
and, before each observation, the mixture of ice and water in the 
bottle B was thoroughly stirred. The first series of measurements 
was made with the iron-advance junction immersed in the sodic 
sulphate bath, thus producing 32^.383 difference in temperature 
between the hot and cold junctions. Before each observation the 
salt in the tube F, Fig. 2, was thoroughly stirred and immediately 
after balancing the potentiometer the temperatures of the Clark cell 
and the water bath D were noted. The three elements were tested 
in succession ; about five independent observations being taken 
with each element while the other two were at room temperature. 
Two series of observations were made in this manner before the 
elements were raised to a higher temperature and two similar series 
were taken after all of the observations at other temperatures had 
been completed. The average deviation of a single observation 
from the mean electfomotive force of the corresponding element 
was 0.5 of a microvolt ; an amount that corresponds to a change 
of about one hundredth of a degree in the temperature of the ele- 
ment. Nearly three months elapsed between the first two series of 
observations and the last two. During this interval the elements 
were subjected to frequent abrupt changes in temperature some- 
times amounting to nearly 2CK>*^ C. The mean electromotive force 
derived from the first two series differs from that derived from the 
last two by only three tenths of a micro-volt. Hence, the temper- 
ature baths can be reproduced within somewhat less than one one 
hundredth of a degree and the thermo-electric properties of the 
elements are permanent within the errors of observation. 

Essentially the same procedure was adopted when testing the 
elements in the other temperature baths. Care was taken to keep 
the liquids boiling at a uniform rate, as indicated by the height of 
the condensation level in the condenser, and after each observation 
the height and temperature of the barometer were accurately ob- 
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served. Owing to fluctuations in the atmospheric pressure, and 
consequently in the temperature of the baths, the individual obser- 
vations corresponding to the several boiling points do not agree so 
closely among 'themselves as do the observations at the transition 
temperature of sodic sulphate but in all cases the electromotive 
force of the element followed the changes in temperature of the 
baths with satisfactory regularity and no detectable change in boil • 
ing point due to distillation was observed. 

The observations were reduced with the aid of a table, showing 
the corresponding values of / and log [9,659 — .007 (/ — 17)], and 
the mean results, corresponding to the various temperature inter- 
vals, are brought together in Table I., where the data relative to 
each element are entered in a separate section. The first column 
gives the number of individual observations from which the mean 
electromotive force of the element (Vj) was calculated and the sec- 
ond column gives the values of F^, in micro-volts, thus obtained. 
The third and fourth columns contain the mean corrected height of 
the barometer {^) and the mean temperature ( 7") of the iron-ad- 
vance junction respectively. 

Table I. 







Element No. i. 


V,oo = 5.188 


•9 






N 


Vt 


H 


T 


9 


T' 


e 


, e'k 


20 


1,629.5 




32.383 


31.405 


32.385 


.0067 


.021 


23 


4,131.4 


761.76 


80.270 


79.618 


80.265 


.0091 


.011 


16 


5,192.0 


761.50 


100.055 


100.060 


100.058 


.0098 


.010 


28 


6,916.8 


760.20 


131.86 


133.30 


131.81 


.0478 


.036 


18 


9,776.6 


755.39 


183.89 


188.41 


183.87 


.0211 


.011 







Element No. a. 


Vioo = 5.190. 
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32.383 . 


.0115 




22 


1.629.9 




32.383 


31.403 


.036 


11 


, 4,133.1 


761.78 


80.271 


, 79.632 , 


80.279 


.0073 


.009 


16 


1 5,193.2 


761.33 


100.048 


, 100.058 . 


100.056 ' 


.0217 


.022 


15 


6,915.4 


758.34 


131.77 


j 133.24 i 


131.75 


.0286 


.022 


13 


1 9,785.6 


756.85 


183.97 


188.54 


183.99 


.0191 


.010 






Elem 


ent No. 3. 


Vioo= 5,194. 
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20 


' 1,631.1 




32.383 


; 31.402 ' 


32.382 , 


.0120 


.037 


11 


4,135.2 


761.73 


80.269 


79.614 ' 


80.261 


.0089 


.011 


15 


' 5,196.0 


760.96 


100.035 


100.038 


100.037 


.0099 


.010 


15 


6,919.2 


758.08 


131.76 


133.21 


131.72 , 


.0414 


.032 


13 


9,792.3 


757.35 


183.99 


' 188.53 ' 


183.98 ; 


.0119 


.006 
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Empirical Formulae. 
For the purpose of developing an empirical formula to express 
the relation between the observed electromotive force of the ele- 
ments and the temperature of the junctions let 

d = loo ^^ (4) 

where Fj. and V^^^ represent the electromotive forces generated 
when the iron-advance junction is maintained at the air thermometer 
temperatures 7^ and 100° respectively and the copper-iron and 
copper-advance junctions are at the temperature of melting ice. 
The values of V^^ given in Table I. were obtained by interpolation 
between the results of two series of observations at the boiling point 
of water, during one of which the atmospheric pressure was above 
normal and during the other below normal, d may be called the 
thermo-electric temperature of the hot junction and since Vj. is 
identically zero when T equals zero it is obvious that d would be 
equal to 7" at all temperatures if Fj. and 7^ were connected by a 
linear relation. A large scale plot having F^ and T for coordinates 
shows scarcely perceptible deviation from a straight line but the 
calculated values of d entered in the fifth column of Table I. show 
differences between T'and 6 varying from zero to about two per cent. 
Since the difference T —d changes sign as T passes through o*^ and 
100°, it was thought that the curve representing the relation between 
7" and Vj. might be a parabola, such as is usually found in thermo- 
electric measurements, but a reduction of the observations on this 
assumption led to larger discrepancies than those obtained with the 
linear equation. From an inspection of these results it was apparent 
that the true T, V^ curve was situated between a straight line passing 
through the points 7'=o and T= 100 and a parobola passing 
through the same two points. An equation of the third degree in 
the form 

T-d = e(d^ ioo){Pd - Q) (5) 

where P and Q are constants, was consequently tried and it was 
found to represent the observations with sufficient precision. This 
equation cannot be considered as a physical relation since it gives 
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three values of 0^ and consequently of Vj^ corresponding to each 
value of T, whereas no such phenomena have been observed. It 
would, perhaps, be more rational to express 7*— ^ as a function of 
T rather than of 6 but, when tried, such a formula did not repro- 
duce the observations so accurately as equation (5) and it greatly 
increased the labor of computation. Equation (5) has consequently 
been adopted as a purely empirical formula for the purpose of 
reducing the thermo-electric temperature d to the air thermometer 
temperature T, 

The constants P and Q were calculated from the mean values of 
6 and T corresponding to the transition temperature of sodic sul- 
phate and the boiling point of aniline. The results thus obtained 
are given in Table II. 

Table II. 



Element. 





-PXio* 


Q X 10' 


No. 1 
No. 2 
No. 3 


1,163 
1,152 
1,165 


1 4,905 
' 4,911 
j 4,920 


Mean 


1,160 


1 4,912 



The mean values of these constants were adopted and the accu- 
racy of the reduction formula thus obtained was tested by reference 
to the actual observations. For this purpose equation (5) was put 
in the form 

T^e + D (6) 

where 

Z> = tf(#- 100) (1 16^ X 10-^-4912 X 10-^) (7) 

and the curve represented by equation (7) was plotted on such a 
scale that values o{ D could be read off directly to o°.oi. To give 
an idea of the magnitude of the correction term D and the manner 
in which it depends on ^ a few of the calculated values from. which 
the above curve was plotted are given in Table III. 









Table III. 
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45 
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0.867 
1.086 
0.758 


1 
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100 
125 
150 
175 



-1.082 
-2.379 
-3.783 
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The individual observations were all reduced by equation (6) with 
the aid of the curve determined by (7) and the mean results thus 
obtained for each element, at each of the temperatures employed at 
the iron-advance junction, are entered under T' in Table I. In 
each case the actual probable error of a single observation and the 
percentage probable error of a single observation, entered under e 
and e per cent, respectively in Table I., were calculated in the usual 
manner from the residuals obtained by subtracting each of the values 
of T obtained by reduction from the corresponding value deter- 
mined by the known temperature of the bath surrounding the hot 
junction. 

Conclusion. 

The results given in Table I. show conclusively that temperatures, 
in the interval from 0° to 200° C, can be determined, within one 
twenty-fifth of one per cent., with the iron-anvance thermo-element 
when the residual thermo-electric effects are suitably eliminated. 
Most of the necessary apparatus is to be found in every well- 
equipped physical laboratory and the remainder can be very easily 
constructed by any intelligent person. Although proper calibration 
requires determinations of the electromotive force corresponding to 
three independent temperature intervals, the necessary observations 
and reductions are not unduly tedious. The fixed temperatures 
adopted in this investigation, namely — the melting point of ice, the 
transition temperature of sodic sulphate, the boiling point of water 
and the boiling point of aniline — can be easily reproduced and 
maintained constant with sufficient precision. The materials re- 
quired for this purpose are cheap and can be easily purified ; aniline 
being the only substance likely to give trouble in this respect. The 
purity of the aniline can, however, be very easily tested by making 
observations during distillation, when slight impurities will produce 
a marked change in the boiling point. 

When determining temperatures, after the element has been cali- 
brated, the reductions can be facilitated by combining equations (i) 
and (4) and calculating 6 directly to the formula 

<? = (/e' + ;r)^^-x 10* (8) 
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with the aid of a table or curve showing the variation of the factor 
E X 10^ /R FJj^ with the temperature of the Clark cell. If a Weston 
cadmium element is used in place of the Clark cell the correction 
due to changes in its temperature will generally be negligible. 

Under favorable conditions, temperatures, in the interval con- 
sidered, can be somewhat more accurately determined with a 
properly constructed and carefully calibrated mercury thermometer 
than by the method herein described. But such an instrument 
requires very careful handling and gives reliable results only when 
suitable corrections are applied to its indications. In many cases it 
is very difficult if not impossible to determine these corrections with 
sufficient accuracy to obtain the highest precision in the measure- 
ment of temperature. In such cases the thermo-element is quite 
as accurate and often much more convenient than the mercury 
thermometer. 

Brown University, 
March, 1905. 
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THE VOWEL A^ (AS IN RAW), O (AS IN RODE), U 
(AS IN RUDE). 

By Louis Bevier, Jr. 

MY researches into the nature of the vowels, conducted with the 
aid of the phonograph, and a recording instrument, have 
been published from time to time in the Physical Review, giving 
results for a, a", f , z*, and i. Since the publication of the last article, 
''The Vowel i (as in pique)," September, 1904, I have been taking 
records as opportunity allowed of the series a"", o, //. The results 
reached are given below. A few preliminary words of explanation 
are needed. 

The vowel a!* (as in raw) is a sound which in general is uniform 
in its pronunciation. As ordinarily pronounced, it is a single 
sound with no important shift of vocal position during its utterance. 
The results reached therefore by the analysis of ^**-curves are quite 
consistent, and accord precisely with what was to* be anticipated. 
In general a"" is different from a (as in father) in a somewhat lower 
pitch both of the main resonance (1150: 1 100) and of the secondary 
resonance (700:650).^ 

Hence it is, that if a is recorded in the phonograph and the speed 
in reproduction is reduced the sound issuing is a clear and normal 
(f. If the speed is quickened an a"* becomes a in reproduction, and 
if still further quickened the result is a species of a\ but not a normal 
one. The reason for this is apparent by comparing the acoustic 
analysis of a and a*} 

The vowel <? is by no means so easy. In the first place, as spoken 
in America, it is usually a diphthong, beginning with an ^and ending 
with an u glide. I have attempted to record and analyze the o 
sound simply, but in spite of great care the results with different 
voices do not show a close correspondence, a fact which greatly 

* Physical Review, April, 1900. 
*Cf. Physical Review, March, 1902. 
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increases the difficulty of definite description, but which was to have 
been expected, since recent phonetic studies reveal the same differ- 
ences and varieties of sound grouped together as ds. 

With u another difficulty appears. Here there is often added 
(particularly in feminine utterance) a very high resonance, probably 
due to the closeness of the lips, which does not properly charac- 
terize the // sound. And this resonance is no more stationary for // 
than is the characteristic high resonance of i for that vowel,* but 
may vary within wide limits or be entirely wanting, without depriv- 
ing the sound of a satisfactory u quality. 

The most casual observation by ear, by instrumental registration 
of lip position, or by acoustic analysis, reveals the fact that ;/ may 
be uttered with varying degrees of closeness and still be heard as u. 
Individuals even pronounce u in certain words, with an opening 
which brings it very near to a close o. It is therefore idle to expect 
that the curves will show as constant a character as the curves of 
sounds which are themselves more constant. 

A comparison of the tables of analyses of o and ;/ with those of 
c^ and f, will show how much greater the agreement in detail is in 
the case of the " bright " vowels, than in the " dark " vowels which 
we are now studying. 

Passing these generalities I present herewith tables of analyses 
for (f, o, and «, as computed from phonograph curves. For 
explanation of the methods used, I refer the reader to the preced- 
ing articles of this series, particularly to the article of Professor 
Prentiss.^ 

In the table of a° analyses, it will be observed that generally 
there is strong resonance at or near a frequency of i,ooo vibrations 
to the second. This is the chief and most characteristic region of 
resonance for the ^° timbre. On a fundamental of 1 28 vibrations 
to the second, VIII. (1,024) will be strong ; at 256 it will be IV., 
at 320 III., etc. 

Again there is a marked secondary region of resonance culmi- 
nating at about 640 to the second. Taking the same chord-tones, 
we shall find that on a fundamental of 1 28 to the second V. will be 

' Cf. Physical Review, November, 1902. 
* Physical Review, November, 1902. 
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Strongly reinforced, and on a fundamental of 320 II. Comparing 
this result with the analyses of a, (f is seen to be a low-pitched a. 

One further characteristic must be noted. In the series ^-a*-f- 
z'-/, there is seen to be a generally diminishing amplitude in the 
curves. Thus, save where the fundamental or chord-tone is 
strongly reinforced, the traces for (f has less amplitude thus a, and 
so on till for i the trace does not generally travel far on either side 
of a median straight line. A" on the other hand gives a trace of 
great amplitude, the greatest of any of the vowels studied except u. 
This is plain for the series a, a*, f , /*, i by inspection of the sample 
curves shown. 

The reason u shows so large an amplitude is not because its 
resonance is loudest, but because it is concentrated chiefly in the 
lowest frequencies, in the chord-tone or first upper partial, where 
great amplitude does not involve great energy. In the experi- 




700 900 1100 1300 1500 

Fig. 1 . A^ Resonance Curve. 



1700 



2100 



mental work no effort was made to have the vowels sung with uni- 
form loudness, hence the above comparison is merely a rough and 
ready test of average. 

The analyses of u, which for convenience I discuss next, show 
some interesting facts. This vowel is to be described acoustically 
with negative rather than with positive characteristics. The mouth 
cavity in the normal ^-position seems to have no marked resonance 
higher than about 210 vibrations to the second. In low tones of 
men's voices, this may be heard as a strong reinforcement of II. cf, 
the first two analyses given in the tables, voices one and four at 
113. Obviously however as the chord-tone rises, this resonance 
will shift from II. to I. 

Where the chord-tone lies above, say, 250 vibrations to the 
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second, the table shows great inconsistencies. This is due in part 
to inconsistencies of utterance, and in part to the fact that where no 
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resonance frequency is present in decided amplitude, the error due to 
the favored rates of the phonograph diaphragm is greatly increased. 
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Though I give the resonance curve therefore as before, I regard 
only the line for men as of great significance. One fact, however, 
is shown by the upper line, i, e,, the presence in many feminine «'s 
of a high resonance in the neighborhood of 3,000. This is present 
in some cases in considerable amplitude, so plainly in fact that 
many of the tones reveal it to the unaided eye at a casual exami- 
nation. To this I have already alluded. I have not observed this 
in any of the men's u's. Of course with low fundamental chord- 
tones, such a high resonance would not be prominent in the trace. 
Still, were it a characteristic mark of w-quality, its presence should 
be detected and its amplitudes should be capable of measurement. 
That it is an accidental resonance, whose absence does not impair 
the true ^-quality is further shown by the fact, that many women's 
«'s are without it, and that its position is free to shift within con- 
siderable limits of pitch. In the resonance-curve computed on 
averages it raises slightly the end of the line all the way from 2,800 
to about 3,300 as is seen in Fig. 3, page 83. 

The normal u then will have strength in the chord-tone and in 
the first upper partial on lower fundamentals, and chiefly in the 
chord-tone on higher ones. The ear identifies it by the absence 
of marked upper resonances. 

The analyses of the o curves are not so consistent, and their in- 
terpretation presents no little difficulty. If the individual analyses 
are studied one by one, the range will be found to be very wide, 
running from a typical and normal a" to a fully closed «. For ex- 
ample, voice 6 at 144 is a good ^-record, while voice i at 144 
gives a record which is a normal man's u. Intermediate between 
these extremes all shades seem to be represented. 

One reason of this is, I conclude, that there was |little uniformity 
of utterance among the voices tested. The diphthongal character of 
o allows anything to pass with the ear, from a^'u to a true o. If the 
waves analyzed were taken from the earlier part of the utterance, 
the analyses should be more or less like a true a*", if from the latter 
part, more or less like a true u, I conclude from this that the in- 
termediate examples represent approximately the truth, and a true 
monophthonal o may be described phonetically as follows : It pos- 
sesses a strong resonance at about 600 to the second, but none 
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higher, also a resonance heard either as a chord-tone or as a first 
upper partial at about 225. These two resonances seem to be char- 
acteristic. A good example of such an o will be seen in voice 4 at 
128, or in voice 5 at 288. In the first 11. and V. are strongly rein- 
forced, in the second I. and II. These facts are shown in the 
^-resonance curve (Fig. 2, page 83), but since this is computed 
from averaging all the records analyzed, it shows also a resonance 
at 1,000, due to the presence of many records which shade toward a^. 
If these conclusions are correct, it becomes clear why reproduc- 
ing a phonographic u at an increased speed, or an ^7° at a reduced 
speed, will not yield a satisfactory ^-sound. In view of the incon- 
sistencies of the records analyzed it is desirable that further researches 
be made with ^-records, great care being taken in recording normal 
^^sounds, and also in selecting waves for measurement from different 
parts of the trace for careful comparison. This is of course abso- 
lutely essential in the study of diphthongs. 
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THE MEASUREMENT OF INDUCTANCE AND CAPA- 
CITY BY MEANS OF THE DIFFERENTIAL 
BALLISTIC GALVANOMETER. 

By William J. Raymond. 

THE differential galvanometer has long been used in the com- 
parison of electric resistances, but apparently has not been 
employed to any great extent in the measurement of inductance 
and capacity. Believing that it deserves a more prominent place in 
electrical laboratories than has yet been given to it, the following 
descriptions of a number of methods for the determination of self- 
inductance, mutual inductance and capacity have been prepared. 
Some of these are null methods, others require the measurement 
of ballistic deflections of the needle of the galvanometer. Includ- 
ing three methods previously published by Kohlrausch and Niven, 
all have been tested by the present writer. He has not discovered 
in the literature of the subject any other methods which make use 
of the differential galvanometer. 

The differential telephone^ and differential transformer' have 
recently been employed in the measurement of inductance and 
capacity with great precision in the expression of results. The 
methods described are necessarily null methods, and make use of a 
system of conductors analogous to the Wheatstone quadrilateral, 
or a somewhat simpler, parallel arrangement of branches contain- 
ing the coils of the telephone or transformer. The double condi- 
tion of equality of amplitude and phase of alternating currents in 
the differential coils is required for silence in the telephone. Pos- 
sibly in some of the null methods described in the present paper, 
the telephone may replace the galvanometer with gain in precision 
of measurements. Apparently in most of the methods the double 
condition can not be reached. 

» Ho, Electrical World, 41, p. 884, 1903 ; Ho, Phys. Rev., XIX., p. 166, 1904 ; 
Duane and Lory, Phys. Rev., XVIII., p. 275, 1904. 
2 Trowbridge, Phys. Rev., XX., p. 65, 1905. 
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In laboratories and testing rooms reasonably free from magnetic 
disturbances, a galvanometer of the form subsequently described 
may be employed. In localities where there are fluctuations in 
magnetic field, a galvanometer of the D' Arsonval type, differentially 
wound, may be found practicable. A differential galvanometer of 
this type was described at the meeting of the American Physical 
Society, held at St. Louis in September, 1904.' It appears that 
most if not all of the methods of measurement given in the present 
paper may be carried out with such a galvanometer, designed for 
ballistic use. The damping factor for the vibration of the coil 
should be made as small as possible, and its period should be 
rather long. 

Working formulas given in this paper are easily deduced from 
equations of electromotive force, as exemplified in method i. In 
nearly all cases current divides between parallel branches connect- 
ing points A and B. Expressions for difference of potential by 
way of the branches between A and B, during the period of varia- 
ble currents, are equated, and integrated over this period. This 
leads to an equation connecting inductances or capacities, resist- 
ances, quantities of electricity passing through the coils of the gal- 
vanometer, and final, steady currents. Equality of final currents 
permits the cancelation of equal terms, and in the null methods the 
condition of equality of quantities passing through the galvano- 
meter is introduced. In deflection methods difference between quan- 
tities is written as proportional to the deflection of the needle of 
the galvanometer. The proportional factor need not be known 
since it disappears by cancelation from ratios of deflections. When 
there are more than two branch circuits, ratios of steady cur- 
rents are expressed as ratios of resistances. The charge of a con- 
denser is written as capacity multiplied by difference of potenial 
the latter factor appearing as current multiplied by resistance, when 
resistance is one of the parallel branches connects the terminals of 
the condenser. 

Accuracy of results obtainable by the methods described in this 
paper rests upon a number of factors, some of which are apparent 
•from inspection of working formulas. The writer was more con- 
» J. C. Shedd, Phys. Rev., XIX., p. 301 (abstract). 
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cerned to survey the whole field than to investigate the accuracy 
which may be obtained by any one method. Yet in this general 
survey, among separate measured values of the same quantity, 
agreement within two or three tenths of one per cent, was reached, 
not only in one method but among several. It appears that with 
care agreement within one tenth per cent, may be easily reached, 
especially among the null methods. With closer attention to 
detail, still better results may be expected. The question of accu- 
racy of standards is not touched upon here, but merely the pre- 
cision of measurements, that is, the agreement among individual 
results. 

Description of Galvanometer. 
The galvanometer used in this work was constructed by Mr. 
Stamper, the mechanician in the department of physics of the 
University of California. Two coils are contained, one in the 
upright standard of the instrument, one in a hinged portion, so 
arranged as to permit free access to the needle and suspending fiber. 
Each coil was wound by laying two wires side by side, and keeping 
them together from beginning to end. This insured nearly equal 
values of magnetic effect, of self-inductance and of resistance of 
the windings. When the four windings, constituted as described, 
and numbered i and 2 in the hinged part of the galvanometer, and 
3 and 4 in the fixed standard, were connected in series, i and 3 
opposing 2 and 4, the deflection of the needle was 12 minutes of 
arc when the current flowing^ was 0.15 ampere. It was considered 
desirable to secure more exact magnetic balance. To this end a 
small accessory coil of three turns of wire was mounted at the back 
of the galvanometer and connected in series with windings i and 3. 
This coil turns on a horizontal axis and is easily adjusted so that 
there is no deflection of the needle when the four windings are con- 
nected as previously described and traversed by steady current many 
times greater than is used in the measurement of inductance or 
capacity. The coils are connected externally by double conductors 
so that possible displacement of wires during the progress of a 
measurement may have no effect upon the magnetic balance. The 
self-inductances of the coils of the galvanometer are assumed equal 
in the deduction of working formulas. In the instrument described 
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they were found to be close enough in value for the immediate 
purpose of the investigation, without further adjustment. If neces- 
sary a pair of small coils, mounted according to the plan of the 
Ayrton and Perry variable standard of inductance, may be placed 
at a safe distance from the needle of the galvanometer and con- 
nected in series with the coiP having the smaller self-inductance. 
The resistance of the four windings of the galvanometer, connected 
in series, is 12.9 ohms at 16° C. Adjustment of the branch 
circuits to equality of resistances is reached by the plan described 
under the first of the following methods of measurement. 



1 


• 



The suspended system or needle of the galvanometer consists of 
an ellipsoidal magnet, 6.5 mm. in diameter, mounted on a sliver of 
bamboo. A small mirror is carried at the upper end of the bamboo 
stem and just below the mirror is a thin brass disk, 16 mm. in 
diameter, turned with a heavy rim to secure large moment of inertia 
with small mass. The whole is hung from a silk fiber. The 
purpose of the brass disk is to increase the period of vibration of 
the needle, for convenience in reading turning points on the telescope- 
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scale in the deflection methods. Ballistic deflection of the needle 
for given magnetic impulse of current passing is thereby reduced in 
the same proportion as the period is increased, so that in practice 
one has to strike a balance between convenience of use and sensi- 
tiveness. To bring the needle to rest rapidly and effectively, just 
before a ballistic deflection is to be measured, a second accessory 
coil of 3.7 cm. diameter and 15 turns of wire is mounted back of 
the instrument and made part of an independent circuit through a 
battery cell and a double key, placed within reach of the observer's 
hand. One key closes the circuit through 150 ohms resistance 
mounted on the base of the key ; the second key shunts out this 
resistance when a stronger, temporary, controlling field is desired 
at the needle. To vary the controlling field further the plane of 
the accessory coil may be turned about a horizontal axis. Thus 
when the needle is vibrating through large angles the stronger field, 
applied at the proper time, rapidly reduces the swing. When the 
needle is nearly at rest a weaker field is desirable. 

When the most favorable conditions for securing accuracy of 
results are considered, it must be at once evident that the galvano- 
meter here described is adapted to a limited range of measurements, 
because its resistance is small. Notably in the measurement of 
capacities and of inductances associated with large resistances, a 
more sensitive galvanometer would be required. In neither of the 
cases cited would increased resistance of the galvanometer, due to 
the use of a greater number of turns of finer wire, be objectionable, 
while the deflection of the needle when there is- a given difference 
between the quantities of electricity passing through the two coils, 
would be greatly increased. If necessary, further increase of sensi- 
tiveness may be reached by known methods, such for example as 
the use of an astatic needle. 

Methods of Measurement. 
All of the methods to be described are essentially comparisons 
between any two of the four quantities, resistance, self-inductance, 
mutual inductance and capacity. Incidentally measurements of 
period of vibration of the galvanometer needle and of ballistic 
deflection are involved. About half of the methods are null 
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methods which seek for adjustment securing balance between 
impulses of opposing force- moments exerted upon the needle, the 
impulses integrated over the period of variable current, and both 
impulses of extremely short duration. Since four quantities may 
be combined, two and two, in ten different ways, a convenient 
classification of methods is suggested. These classes are the com- 
parison of two resistances ; two self-inductances; two mutual induct- 
ances ; two capacities ; resistance and self-inductance ; resistance 
and mutual inductance ; resistance and capacity ; self-inductance 
and mutual inductance ; self-inductance and capacity ; mutual 
inductance and capacity. Comparison of resistances with the dif- 
ferential galvanometer, using steady currents, is so familiar that no 
further reference will here be made to it. The methods described 
in this paper will then fall into the remaining nine classes. They 
are doubtless not all which might be devised, but will serve as 
illustrative examples, covering fairly well the usual range of 
measurements. 

When dealing with inductive resistances, the usual precautions 
are to be observed. Coils must be sufficiently separated to avoid 
mutual magnetic effect, and their positions and distances should be 
such that no effect is perceivable at the galvanometer. A reversing 
key or commutator is placed in the bsittery circuit, instead of a 
simple key merely to open or close the circuit. In this connection 
Lord Rayleigh ^ remarks that : ** A reversal has two advantages 
over a simple make or break. In the first place the effect is doubled 
and is therefore more easily measured ; and in the second the bat- 
tery is more likely to work in a uniform manner, the circuit being 
always closed except for a fraction of a second at the instant of 
reversal.'* It may be added that if the damping of the needle 
differs sensibly between open and closed circuit through the galva- 
nometer, the correction for it will be considerably simplified. 

Description of Methods. 
Method /, Comparison of Self- Inductances, — (Fig. I.) A battery 
cell and commutator K are arranged to send current from A to B 
through a divided circuit. On one side are the inductive resistance 

» Phil. Trans. R. S., 1882, Part II., p. 678. 
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Z, (or Aj), a box of non-inductive resistance coils, and windings i 
and 3 of the galvanometer, represented in the figure by a circle ; on 
the other side a resistance box, and windings 2 and 4 of the galva- 
nometer, represented by the second circle. ^ is a contact key 
which may be moved at will along a german silver wire CD^ 50 
^_^ ^ centimeters in length, to secure 

L. ^^\rVV\Ar ^ ^ adjustment to exact equality of 
p>;^i^ the total resistances, ^, and /?,, 
(^ J on the two sides. Resistance 
may be included in the battery 

1 branch if necessary for ballast. 

I ii I (a) With inductance Z, in circuit, 

_., , balance the resistances for zero 

Fig. 1. 

deflection of the galvanometer 
needle, using steady current. Then R^^ is equal to /?,. (^) Bring 
the needle of the galvanometer to rest, reverse the commutator K 
and measure the ballistic deflection dy (c) Insert the inductance 
Zj in place of Zj and adjust the resistance in series with it to 
balance the same resistance R^ previously used. (</) Reverse the 
commutator as before and n 
ratio of inductances is then 



^ 



commutator as before and measure the ballistic deflection d^. The 



—* = -». (i) 

Z^ d^ 



To deduce this expression, write the difference of potential be- 
tween A and B for any time during the period of variable currents, 

in which V is the self-inductance of galvanometer windings i and 3, 
or 2 and 4, M is their mutual inductance, and i with indicating sub- 
script is current intensity. Integrating over the period of variable 
currents, 

R,Q, + LJ, + II, - MI, = R,Q, + n, - MI„ (3) 

in which /j and I^ are final, equal, steady currents, and Q^ and Q^ 
are quantities of electricity passing through the coils of the galva- 



Digitized by 



GooQie. 



No. 2.] MEASUREMENT OF INDUCTANCE AND CAPACITY, 97 

nometer during the period of variable flow. Canceling equal terms 
and dropping unnecessary subscripts, 

e,-e,=-^. (4) 

Similarly, from operations (r) and (d\ 

Q,'-Q,' = -'^- (5) 

The differential quantities are proportional to the ballistic deflections 
rfj and d^, the proportional factor involving the period of vibration 
of the needle of the galvanometer and constants of the coils. The 
deflections need not be corrected for damping, and are measured 
either in radians or directly in centimeters on a scale, provided that 
the telescope remains at a fixed distance from the galvanometer. 



Qi-Qr^rL, 



(6) 



Method -?, Comparison of Self- Indue tattces. — This is a null method 
due to Professor C. Niven.* Coils whose inductances are Zj and Z, 
(Zj greater than Z,), are joined in series with non-inductive resist- 
ances and connected one on each side of the galvanometer circuit. 
Referring to the similar arrangement of Fig. 2, Z^ is placed nearer 
the point C than its series resistance, Z^ nearer the galvanometer, 
and R^ is omitted. If each non-inductive resistance is made equal 
to the resistance of the opposing coil, there will be no permanent 
deflection of the needle of the galvanometer when steady current is 
applied. Further, points between the coils and the series resist- 
ances are at the same potential, and may be joined by a cross-wire 
without disturbing balance for steady currents. If the resistance of 
this cross-connection is adjustable, a value S will be found by trial, 
such that there is no ballistic deflection of the needle of the galva- 
nometer, when current is reversed by means of the commutator K. 
If R^ is the resistance between point B and the connection joining 
Zj and its series resistance, the ratio of inductances is 

>Nivcn, Phil. Mag. (5), Vol. 24, p. 234, 1887; Gray, Abs. Meas. in El. and Mag.. 
Vol. 2, p. 463, 1893. 
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Method J, Comparison of Self-Inductances, — This is a null method 
for which the scheme of connections is indicated in Fig. 2. If the 
resistance of one of the coils, ^,, is considerably greater than that 
of the other, the non-inductive resistance in series with R^ may be 

omitted. The resistances are 
first to be balanced for steady 
currents ; then adjusted for zero 
ballistic deflection when com- 
mutator K is reversed. Since 
balance for steady currents is to 
be maintained, this will require 
double adjustment of resistance 
R^, in parallel with R^, and one 
of the series resistances. With 
inductances of ordinary magni- 
tude, it will be found that near the final adjustment of R^ small 
changes in series resistances will suffice to maintain balance for 
steady currents. These changes may be made by shifting contact B 
along the german silver wire CD, If there is difficulty in deciding 
upon the best value of R^ for zero ballistic deflection, the usual 
method of interpolation between values giving small right and left 
deflections may be employed. The ratio of induc^nces is 




A {R. + R^y 



R^ 



(8) 



This equation may be easily deduced from an equation of electromo- 
tive forces by the plan followed in the establishment of equation (i). 
Method 4, Comparison of Mutual Inductances^ Null Method, — 
(Fig. 3.) Four coils, whose self-inductances are denoted by Zj, L^, 
Z3 and Z^. and mutual inductances by M^^ and M^^, are connected, 
together with non-inductive resistances and the differential galvano- 
meter, as indicated in the figure, [a) Balance the resistances for 
zero deflection of the needle of the galvanometer, using steady cur- 
rents, {b) Connect the coils so that the magnetic fields of coils 3 
and 4 shall coincide in direction, while the fields of coils i and 2 are 
opposed when current flows from A to B, Adjust the resistances 
in series with coils i and 4 so that there may be no ballistic deflec- 
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tion when the commutator K is reversed, (r) Connect the coils so 
that the magnetic fields of both pairs shall be opposed in direction, 
and again adjust for zero ballistic deflection. Interpolation may be 
employed to obtain the best values of resistances. If R^ denotes 
the total resistance from A to 
B by way of coil i, and R^ 
denotes the total resistance by 
way of coil 4 in adjustment 
{b)\ and R^ and Rl denote 
corresponding values in ad- 
justment {c) \ then the ratio of 
mutual inductances is 



L. 

'■OW6"0"> — ^AAAA^■ 
C|—vftMAiL' — ^AAAA^■ 



^THJinnr^ 






NJlQ.Q.QQy — VWW 






(9) 



Fig. 3. 



With other magnitudes! of mutual inductances and self-inductances 
than those employed by the writer, other connections than those 
described under {b) and (c) may be required. Corresponding 
changes in the signs of the working formula will then be necessary. 
Method^, Comparison of Mutual Inductances, Deflection Method. — 
Connect coils 1 and 2, whose mutual inductance is M^^, in series on 
one side of the divided circuit of the galvanometer ; and coils 3 and 
4, whose mutual inductance is M^, on the other side, {a) Insert 
non-inductive resistance in the branch of the circuit having the 
lesser total resistance, and balance for steady currents, (b) With 
the magnetic fields of both pairs of coils coinciding in direction when 
current is flowing, reverse the commutator K and measure the bal- 
listic deflection dy {c) Reverse the terminals of coil 3, so that its 
field may oppose that of coil 4, and measure the ballistic deflection 
rfj, obtained by reversal of the commutator, {d) Interchange the 
terminals of coil i so that its field may oppose that of coil 2, and 
measure the ballistic deflection d^, obtained by reversal of the com- 
mutator. The required ratio of mutual inductances is 






34 



d,-d; 



(10) 



The signs in this equation depend upon the order in which the 
terminals are interchanged in operations (*), (r) and (d). 
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Method 6, Comparison of Capacities^ Null Method, — Equal, non- 
inductive resistances are connected as indicated in Fig. 4. The 
sliding contact B is adjusted for final balance of resistances, shown 
by zero deflection with steady current Condensers i and 2, whose 
capacities are C^ and C,, are joined as indicated, one side of each 
connected to a traveling plug, so that each condenser may be put 
in parallel with any required portion of the corresponding resistance. 
If R^ and R^ are the resistances thus bridged between point B and 
the traveling plugs, when the ballistic deflection of the galvanometer 
is zero, the ratio of capacities is 



c. 



C, Rt 



(II) 



Method 7, Comparison of Capacities, — This is a null method for 
which the scheme of connections is indicated in Fig. 5. Condensers 



I ^^^ — 1 

— AAAA/WWWV 



— A/JAAAAVVVVV 



^Xr 




Uwmmmm^ 




Fig. 4. 



Fig. 5. 



I and 2 are placed as shown with non-inductive resistances in series, 
to avoid too heavy discharge currents through the coils of the gal- 
vanometer. A battery of several cells is connected to a resistance 
of twenty thousand ohms or more, through a commutator K, 
Traveling plugs A^ and A^ permit the bridging of resistances Ry^ and 
R^ as shown. By trial the plugs are placed so that the ballistic 
deflection of the needle of the galvanometer is zero when the com- 
mutator is reversed. The ratio of capacities is 



C, R, 

c r: 
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Method 8, Comparison of Capacities, — This null method is a 
modification of the last. Double contact keys are arranged to 
charge the condensers i and 2 when the keys are depressed ; and 
to discharge each condenser through one coil of the galvanometer 
when they are simultaneously released. The lower contact points 
of the keys are connected, one to each of two traveling plugs A^ 
and A^, placed as in method 7, and the upper contact points are 
connected to resistances in the branches of the galvanometer cir- 
cuit The discharge currents pass through the coils of the gal- 
vanometer when the keys are released, unite and pass through a 
common wire to the plates of the condensers which are not in con- 
nection with the keys. These plates are also joined to one end of 
the high resistance as in method 7. This arrangement avoids in a 
measure the trouble arising from faulty insulation of either condenser. 

Method p, Comparison of Capacities, Deflection Method. — Refer- 
ring to Fig. 2, replace each inductive resistance by one of the two 
condensers whose capacities C^ and C^ are to be compared, and 
omit the shunt resistance R^, A battery of several cells will in 
general be required, instead of the single cell shown in the figure, 
(a) Reverse the commutator K and measure the ballistic deflection 
dy {b) Remove both condensers from the branches of the circuit, 
leaving only non-inductive resistances in series with the coils of the 
galvanometer. Join the condensers in parallel with each other and 
with one of the resistances R^ Adjust the other resistance and the 
sliding contact B to obtain zero deflection when steady current is 
flowing. The total resistance from AtoBhy either branch is now 
R, {c) Reverse the commutator K and measure the ballistic deflec- 
tion d^ The ratio of capacities is 

C, 2R'd^ + R'.d, 



C^ " 2R}d^ - R}^d, 



(13) 



The same battery is used throughout and its internal resistance is 
negligible in comparison with R, The signs in the formula assume 
that the capacity of condenser i is greater than that of condenser 2. 
Method 10, Self- Inductance Measured in Henrys, — This is a 
deflection method of comparing self-inductance and resistance, 
analogous to Maxwell's method as modified and employed by Lord 
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Rayleigh and Dr. Schuster in their work on the determination of 
the ohm in absolute measure.* The connections of Fig. i are used. 
(a) Balance the resistances for zero deflection when steady current 
is flowing, {b) Reverse the commutator K and measure the 
resulting ballistic deflection d^ This deflection is to be corrected 
in the usual way to the value which would have been found, if 
there had been no damping, {c) Change the resistance on one side 
of the circuit between A and ^ by a small amount dR, and measure . 
the resulting deflection d^ when steady current is flowing. If R is 
the total resistance on each side before the change, and T is the 
measured period of vibration of the needle of the galvanometer, the 

inductance is 

AR R T d, 
^^R^JR'^ ' d, ^'4) 

It is of interest to note that the dimensions of inductance (a length) 
appear in this equation as resistance (velocity) multiplied by time. 

Method II, Self' Inductance Measured in Henrys, KohlrauscKs 
Deflection Method, Using Induced Currents} — The coil whose self- 
inductance is to be determined is connected in one branch of the 
differential galvanometer circuit as shown in Fig. i, and an equal, 
non-inductive resistance is included in the other branch. Points A 
and B are connected to a Weber magnet-inductor, or to the sec- 
ondary of an induction coil, [a) By this means an induced current 
of short duration is divided between the branches of the galva- 
nometer circuit. The quantity of electricity passing through each 
branch is the same, but since current grows more slowly on the 
side having the larger inductance, there is a sharp movement of 
the galvanometer needle from rest in its position of equilibrium, to 
another, momentary position of rest. This measured deflection is 
dy {b) By sending induced current from the same source as before 
through half of the windings of the differential galvanometer, con- 
nected in series with a large resistance, a ballistic deflection is 
obtained and measured. This is to be corrected for damping. Its 
corrected value is d^. Let R^ be the resistance of the coil whose 

iProc. R. S. London, Vol. 32, p. 116, 1881 ; Phil. Trans. R. S. London, 1882, 
Part IL, p. 677. 

*Ann. d. Phys. u. Chem., Vol. 31, p. 594, 1887. 
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inductance is desired, or of the equal, non-inductive ballast ; R^ the 
resistance of each half of the galvanometer ; -^3 the resistance of 
the source of induced current ; R^ the large resistance included in 
part (l>) ; T the period of vibration of the needle of the galvanometer. 
The required inductance is 

Method I2y Mutual Inductance Measured in Henrys, Deflection 
Method, — Two coils are connected in series, first with their mag- 
netic fields coinciding in direction when current flows in a given 
direction, second with their fields opposed. If Z,, Z, and Mdire the 
self-inductances and mutual inductance of the two coils, the total 
inductance is L^ + L^ + 2Min the first case and Zj + Zj — 2Min 
the second case. Measure these total inductances by method 10, 
each in henrys. The required mutual inductance is one fourth of 
the difference between the measured values. 

Method /J, Capacity Measured in Farads, — This is a deflection 
method of comparing capacity and resistance. The condenser, whose 
capacity C is to be determined, is connected in parallel with non- 
inductive resistance and introduced into one branch of the galva- 
nometer circuit, in place of capacity C, as shown in Fig. 4, C^ being 
omitted, {a) Balance the resistances for zero deflection, using steady 
current, (b) Reverse the commutator A' and measure the ballistic 
deflection resulting. Let this when corrected for damping be d^, 
{c) Change one of the resistances by a small amount dR and measure 
the permanent deflection d^, using steady current. Let R be the 
total resistance from AX,o Bhy either branch before the change ; 
R^ the resistance in parallel with the condenser; and 7" the period 
of vibration of the needle of the galvanometer. The required 

capacity is 

^ dR'R T d, . .. 



R,\R + AR) ' A7t' d. 



2 



Method 14, Comparison of the Mutual Inductance of Two Coils 
with the Self-Inductatue of One of Them, Null Method, — Coils i 
and 2, whose self-inductances are Z^ and Z^ and whose mutual in- 
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ductance is M, are connected as indicated in Fig. 6. For given 
direction of current from A to B, the magnetic fields of the coils 
are to be opposed in direction, (a) Balance the resistances for zero 

deflection, using steady currents. 
(b) Having connected non-induc- 
tive resistance in series with coil 
2, adjust this resistance for zero 
ballistic deflection when the com- 
mutator K is reversed. If R^^ and 
A'j are the total resistances from 



00000^ — W\AAA 



C| — o 

4 



■AAAAAAAA 

K 






p*^^ AKq Bhy way of the branches in 

P ' eluding coils i and 2 respectively, 

the ratio of the self-inductance of 
coil I to the mutual inductance of both coils is 

Method /J, Comparison of the Mutual Inductance of Two Coils 
with the Self-Inductance of One of Them, Deflection MetJiod, — The 
coils, whose self-inductances are Zj and L^ and whose mutual induc- 
tance is M, are connected in series and included in one branch of 
the galvanometer circuit, in place of Zj in Fig. i. (d) Balance the 
resistances for zero deflection when steady current is used. (^) 
Connect the coils so that their total inductance is Zj + Z^ -f 2M, 
Reverse the commutator K and measure the ballistic deflection d^ 
(c) Connect the coils so that their total inductance is Zj + Z, — 2M, 
Reverse the commutator K and measure the ballistic deflection d^ 
{d) Rearrange the connections according to the scheme indicated 
in Fig. 2, one coil in each branch of the galvanometer circuit. R^ 
is omitted and the total resistance /?, from A to B, is made the 
same as in parts (a), (b) and {c). After balancing the resistances 
for zero deflection with steady current, reverse the commutator K 
and measure the ballistic deflection dy The required ratios are 

L, ~ d, + d^ + 2d; L~d, + d^- 2d; ^^''' 

Z, is assumed greater than Z, in the derivation of these equations. 
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Method i6y Comparison of t/ie Mutual Inductance of Two Coils 
with the Self' Inductance of a Third Coil, Null Method. — Coils i and 
2, whose self-inductances are L^ and L^ and whose mutual inductance 
is J/jj, are connected according to the scheme indicated in Fig. 6, 
coil I in one branch of the galvanometer circuit. Coil 3, whose 
self-inductance is L^ is included in the other branch of the galva- 
nometer circuit. Non-inductive resistance is connected in series with 
coil 2 and with either coil i or 3 as may be necessary, {a) Bal- 
ance the resistances in the branches of the galvanometer circuit for 
zero deflection, using steady current, {b) Adjust the resistance in 
series with coil 2 to obtain zero ballistic deflection when the com- 
mutator K is reversed. If L^ is greater than L^ the magnetic fields 
of coils I and 2 must be opposed ; if Z, is less than L^ the fields 
must coincide in direction, {c) Transfer coil 3 to a position in series 
with coil I, leaving coil 2 in its former place, and again balance the 
resistances for steady currents, {d) Repeat adjustment (b) with the 
new arrangement of coils. The magnetic fields of coils i and 2 are 
now opposed in direction. If R^^ and R^ are the total resistances 
from A to B by way of the branch circuits containing coils i and 2 
respectively, for adjustment (b) ; and R^' and R^ are the correspond- 
ing resistances for adjustment {d) ; the required ratio of inductances is 

The choice of sign depends upon the relative magnitudes of Zj 
and Ly 

Method 77, Comparison of the Mutual Inductance of Two Coils 
with the Self' Inductance of a Third Coil, — The mutual inductance of 
two coils, J/jj, is to be compared with the self-inductance of a 
third coil L^ Connect coils i and 2 in series in one branch of 
the galvanometer circuit; and coil 3 in the other branch. By 
preliminary trial test the relative magnitudes of L^ and the total 
inductance Zj -f Zj -f 2M^^, Connect non-inductive resistance in 
parallel with the larger of these inductances, and determine accord- 
ing to method 3 the ratio (Z^ -f Z^ -f- iM^^jLy This assumes that 
coils I and 2 are connected so that their magnetic fields coincide in 
direction. Keeping coils i and 2 in series, interchange the terminals 
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of one of them so that their fields are opposed, and determine by 
the same method as before the ratio (Z, + Z, — 2AT^^'Ly The dif- 
ference between the ratios thus determined is four times the required 
ratio of M^^ to Ly 

Method rS, Comparison of the Mutual Inductance of Tu*o Coils 
with the Self' Inductance of a Third Coil, Deflection Method. — Con- 
nect the three coils as in the last method, omitting the resistance in 
parallel with the lai^er total inductance, {a) Balance the resistances 
for zero deflection, using steady current, {b) Connect coils i and 2 
so that their magnetic fields coincide in direction and measure the 
ballistic deflection d^, obtained when the commutator K is reversed. 
{c) Connect coils i and 2 so that their magnetic fields are opposed 
in direction and measure the ballistic deflection d^, obtained when 
the commutator is reversed, {d) Transfer coil 3 to a position in 
series with coils i and 2, altering resistances in series so that the 
total resistances from ^ to 5 by either branch of the circuit may be 
the same as they were in measurements {b) and (r). With the mag- 
netic fields of coils i and 2 coinciding in direction, measure the 
ballistic deflection d^ obtained when the commutator is reversed. 
{e) With the coils arranged as in (^), except that the fields of coils 
I and 2 are now opposed in direction, measure the ballistic deflec- 
tion d^. The required ratio is 

The signs in this equation are arranged in accordance with the sup- 
position that Zj is greater than L^ + L^ + ^^\r O^her relative 
magnitudes will require other signs. 

Method /p, Comparison of Self Inductance with Capacity, Null 
Method. — The coil whose self-inductance is L is connected in one 
branch of the galvanometer circuit, according to the scheme indi- 
cated in Fig. I. Non-inductive resistance is included in series with 
the coil. The condenser whose capacity is C is connected in 
parallel with any required portion of this resistance, by means of 
traveling plugs, (a) Balance the resistances for zero deflection, 
using steady current, (b) Shift the traveling plugs to obtain zero 
ballistic deflection when the commutator K is reversed. If R is 
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the resistance then bridging the terminals of the condenser, the ratio 
of self-inductance to capacity is 

L 



C 



= /?. 



(21) 



Method 20, Comparison of Self- Inductance with Capacity, Niven's 
Null Method} — Branch circuits are made up between points A and 
B, including on one side a non-inductive resistance, one coil of the 
galvanometer and the inductance Z, in order ; on the other side a 
non-inductive resistance, the other coil of the galvanometer and a 
second non-inductive resistance, {a) Balance the resistances for 
zero deflection, using steady current. (^) Connect the condenser 
whose capacity is C, one terminal to a traveling plug which is 
placed at a point in the non-inductive resistance, in the branch in 
which L is found, near the galvanometer ; the other terminal tQ a 
traveling plug which is joined to the opposing resistance at a point 
further from the galvanometer. Adjust the traveling plugs to obtain 
zero ballistic deflection of the needle of the galvanometer when the 
commutator K is reversed. If R^ is the resistance from point A to 
the first plug, and R^ is the resistance from A to the second plug, 
the required ratio is 

^ = R*-R*. (22) 

Method 21, Comparison of Self- Inductance with Capacity, Deflec- 
tion Method, — Connect the coil whose self-inductance is L accord- 
ing to the scheme indicated in Fig. 
7. Capacity C is to be joined in 
parallel with either one of two 
equal resistances i and 2, each R 
ohms, {a) Balance the resistances 
for zero deflection, using steady 
current. (S) Measure the ballistic 
deflection d^, resulting from re- 
versal of the commutator K when 
the condenser is in the position 
I. {c) Measure the ballistic deflection d^, when the condenser is in 

»Phil. Mag. (5), Vol. 24, p. 231, 1887. 




"^rfnSp 



Fig. 7. 
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the portion 2. The required ratio of self-inductance to capacity is 

Method 22, Comparison of Mutual Inductance with Capacity, Null 
Method, — The two coils whose self-inductances are L^ and Z,, and 
whose mutual inductance is M, are connected in series, their mag- 
netic fields either coinciding in direction or opposed. The total in- 
ductance of the coils, Z, 4- Z, ^ 2M, is then compared with the 
capacity C by method 19. If R^ is the resistance in parallel with 
the condenser, required for zero ballistic deflection when the in- 
ductance is Z| + Zj -I- 2M\ and /?, is the resistance when the in- 
ductance is Zj 4- Zj — 2 J/; the required ratio is 

M R^ -- R^ 

Method 2j, Comparison of Mutual Inductance with Capacity, De- 
flection Method. — The coils whose mutual inductance is J/ are con- 
nected in series and placed in the position occupied by the induct- 
ance Z in Fig. 7. The capacity C is connected in parallel with 
either of the resistances i or 2, which need not be equal, {a) 
Balance the resistances for zero deflection of the needle of the gal- 
vanometer, using steady current, {b) Measure the ballistic deflec- 
tion d^, resulting from reversal of the commutator K, when the coils 
are connected for total inductance Zj -f- Zj -|- 2 J/, the condenser^ 
being disconnected, {c) Measure the ballistic deflection ^,, result- 
ing from reversal of the commutator when the total inductance is 
Zj -l-Zj — 2M, the condenser still disconnected, (d) Measure the 
ballistic deflection d^ when the condenser is connected in parallel 
with resistance i and the total inductance is Z, -|- Z^ + 2M, (e) 
Measure the ballistic deflection d^, when the condenser is in parallel 
with resistance 2 and the total inductance is Zj + Z^-f- 2M. If R 
and R^ are the magnitudes of the resistances i and 2, the required 
ratio of mutual inductance to capacity is 



M^Rl+Rl d ,^d, 
C" 4 * ^4 - ^3 



(25) 
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Other Applications of the Differential Balustic 
Galvanometer. 

In addition to the methods of measurement described in this 
paper, many of the published methods of determining inductance 
and capacity which make use of the Wheatstonc network, may be 
carried out with the aid of the differential ballistic galvanometer. 
The Ray leigh- Maxwell method of measuring self-inductance may 
be taken as an example. Four resistances, three non-inductive and 
one containing the inductance to be determined, form a quadrilateral, 
whose diagonals are occupied by a battery and a galvanometer 
respectively. If the galvanometer is replaced by a short wire, and 
the coils of a differential galvanometer are included with two of the 
resistances of the quadrilateral, one each side of a junction with the 
short wire, the measurement of inductance may be made as usual, 
in terms of resistance, deflection and period of vibration of the 
needle of the galvanometer. When the resistance of the galvano- 
meter is small, there is no apparent gain in the use of the differ- 
ential arrangement. When its resistance is large, then for given 
resistances and battery power, nearly twice the ballistic deflection 
may be obtained with the differential galvanometer, that would re- 
sult from the use of the same galvanometer, its coils connected in 
series and employed as a ballistic galvanometer of the ordinary type. 
When the inductance to be measured is small and the resistance 
associated with it is large, relatively large current must be used to 
secure ballistic deflections which can be measured. Under these cir- 
cumstances there is difliculty in maintaining balance of resistances 
when steady current is flowing, because of unequal heating effects in 
different parts of the circuit. Lessening the current required to 
produce a given deflection, decreases the heat liberated in the circuit 
in proportion to the square of the current, and tends to obviate the 
difficulty described. 

Comparing the Rayleigh-Maxwell method with method 10 of 
the list now offered, the latter method has the advantage of greater 
sensitiveness. This may be established by comparison of the ex- 
pression for the discharge through the galvanometer in the former 
method, with equation (4) of this paper. It is assumed for this 
comparison that the same amount of wire is wound in a single coil. 
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or differentially in two coils, and that the steady current flowing 
through the inductive resistance is the same in both methods. The 
advantage of greater sensitiveness, shared by other methods here 
described, increases in general with higher resistance of the gal- 
vanometer coils. The writer is convinced that partly because of 
greater simplicity of connections, leading to greater ease of manipu- 
lation, partly because of increased sensitiveness or smaller steady 
currents required for the same deflection of the galvanometer needle, 
the methods now presented will show some real gain in precision, 
over the methods which make use of the Wheatstone quadrilateral 
and a ballistic galvanometer of the ordinary type. 
University of California, 
March, 1905. 
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MAGNETIC EFFECT OF ELECTRIC DISPLACEMENT. 

By J. B. Whitehead. 

Part I. 

IN two former papers * the writer described a series of experiments 
which were undertaken as a test of the validity of Maxwell's 
assumption of the presence of a magnetic effect accompanying an 
electric displacement in a dielectric. The results of the experiments 
have been shown by Kolacek^ to be in accord with Maxwell's 
theory. From the symmetry of the Maxwell equations we must 
expect an electrical effect or force accompanying magnetic dis- 
placement (if we may use the analogous expression). Thus in the 
writer's experiments the resulting mechanical force acting on the 
dielectric was shown by Kolacek to be 

K d 
47:V at 

where K is the dielectric constant, V the ratio of the two systems 
of units, Z the electric intensity in electrostatic and M the mag- 
netic intensity in electromagnetic units. Since in the experiments 
both Z and M were periodic functions differing in phase by 90° 
the mean value of over a period the force was zero, and therefore 
there was no motion of the dielectric. This result then is a proof 
of the existence of the electric effect of the " magnetic displacement 
current,*' if the magnetic effect of electric displacement be granted. 
Evidence of the existence of the latter has recently been given by 
the work of Eichenwald,^ although many other experimenters have 
sought it with negative results. It is therefore desirable that further 
evidence be had, and the present work was undertaken with the aim 
of observing the two effects independently. 

^Mag. Eff. of Elec. Disp. Report to Carnegie Institution, 1904, and Phys. Zeits., 
4, 229, 1903 ; 5, 300, 1904. 
2 Phys. Zeits., 5, 45, 1904. 
» Annalen der Physik, 6, 1903. 
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The following experiment was devised for showing directly the 
magnetic effect of electric displacement. 

If a portion of dielectric be subjected to an alternating electric 
intensity, alternating displacement currents will be set up in the 
dielectric. If, now the dielectric be properly surrounded by a mag- 
netic circuit, alternating magnetic induction will be set up therein, 
and if this circuit be wound with a number of turns of wire, an 
alternating E.M.F. will be induced therein, and this E.M.F. may 
set up a current. The value of the current may be calculated and 
measured. As constructed the dielectric was a cylinder of paraffin. 
The E.M.F. was applied to electrodes consisting of circular brass 
plates on the end faces of the cylinder. Concentric with the cyinder 
and surrounding it was the laminated magnetic circuit consisting of 
soft iron disks ; the iron ring thus formed was wound with what 
may be called the secondary winding, in circuit with which the 
measuring instrument was connected. 

Preliminary calculations indicated that the apparatus would have 
to be of large size, and also that means for measuring very small 

values of alternating current 
must be had, if the expected 
effect was to be detected. 

Consider the apparatus as 
shown in a diametral section in 
Fig. I. -^ is the cylinder of 
dielectric, BB are the elec- 
Pj J trodes, CC the surrounding 

magnetic circuit. If E is the 
difference of potential between the electrodes, E\l is the electric in- 
tensity active on the dielectric, / being the length of the cylinder. 
The density of the displacement current is then 

K dE 

,^ ^ ^ . K ^ da ^ . da 

U E = E„ sin a, ^ = — jE^-,^ cos a\ and since . = 27:]SI 
*" * ^ 4;:/ "^dt dt 

^= — .E jiTiN zos a. 
^ 47:1 "* 
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If a be the area of the circular section of the cylinder, the total 

current is 

. KE Na 

t = — -,- - cos a, 
2/ 

if E is expressed in volts and i in amperes 

KENaio' 
t ^s ^ cos fit 

2/(3 X lo^y X IO-* 

In the experiments A"= 2, E^ = s/2 25,000, ^=133, and a = 
;: 19.25^= 1,164 sq. cm.; /= 20 cm. The maximum value of the 
current is therefore 






2 X 25,000 X 133 X 1,164 X 10® X ^^2 



2 X 9 X lo'^x 20 



= 3.03 X I O"* amperes, 



/ {effcctrve) = 2. 1 5 x lO"*. 

The magnetic effect of this current in a surrounding magnetic 
circuit will depend on the distribution of the current in the dielec- 
tric. The most obvious assumption is that the effect is the same as 
though the current were all concentrated at the center, /. ^., on the 
axis of the cylinder. We may then calculate the magnetic intensity 
at any distance from this axis, assuming that the wires leading to 
the electrodes, and the dielectric are equivalent to a long straight 
conductor lying along the axis of the apparatus. The leading-in 
wires were accordingly long and straight. We have then : 

Maximum value of //, the magnetic force at a radius of 20 cm. 
= 2// 10 = 3.03 X IO~^atradiusof 40 cm. //= 1.5 1 x io~^. The 
magnetic circuit was composed of rings of annealed sheet armature 
iron, 41.4 cm. internal and 82.8 cm. external diameter. Built up 
and compressed the depth was 15.5 cm. ; the cross section was thus 
320 sq. cm. The weight was 900 lbs. The average value of //^may 
then betaken as 2.26 x io~*. The wires leading to the electrodes 
continued straight away for 100 cm. on each side. They then 
turned through a right angle and were led parallel to each other to 
the transformer 5 meters away. The correction factor for this de- 
parture from the infinite straight conductor may readily be shown 
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to be only .09// r, for the magnetic force as calculated from the expres- 
sion //= 2//r; thus the average value is //"= 2.09//r. Using the 
values for i and r given above, the average value of H becomes 
2.36 X lo-**. 

.-. Total Magnetic Induction = 2.36 x io~^ x // x 320. 

Data as to the permeability of soft iron in laminations at such low 
values of the magnetic intensity are meagre. 

Values of // for small magnetizing forces have been determined 
by Baur* and Lord Rayleigh.* The latter carried the field from 
4 X io~* down to 4 X lO"*, and showed that // was constant 
throughout this region ; there is nothing to indicate that it will 
change for values of H still nearer to 0, This value for soft iron 
is 183, as obtained with constant magnetic force on bars. Ewing 
states that for laminated structures there is little if any viscosity, or 
lag, at small forces. 

If we assume this value we have : 

Total Induction = 2.36 x lO"* x 320 x 183 = 1.35 x io~^ 

A secondary winding consisting of 966 turns of No. 18 B. & S. 
wire completely surrounded the magnetic circuit. A similar wind- 
ing of the same number of turns was afterward wound over this, 
the two coils beginning and ending at the same point. The E.M.F. 
induced in one of these windings is : 

E^ 1.35 X 10"* X nV2 X 133 X lO"^ X 966 volts, 
= 7.8 X lO"* volts. 

If we can measure a current due to this E.M.F. we have a test 
of the validity of the theory subject to the assumptions already 
stated. The Rubens Vibration galvanometer® was used as measur- 
ing instrument. Its principle is the adjustment of the tension of a 
stretched wire so that its natural frequency of oscillation is the same 
as that of the electric circuit. The wire carries a row of small mag- 
nets in suitable relation to poles carrying coils traversed by the cur- 

i Wied. Ann. XI., 1880, p. 399. 
2 Phil. Mag., March, 1887. 
3 Wied. Ann., No. 56, p. 27. 
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rent to be measured. The amplitude of the oscillation, observed 
by light reflected from a small mirror on the wire is a measure of 
the current. The instrument was obtained from W. Oehmke, 
Berlin, and was made from the specifications contained in the article 
already referred to. It was calibrated by the following method. A 
low value of alternating E.M.F. of the frequency to be used was 
injpressed on a noninductive resistance of 2,000 ohms ; connections 
were made at two points differing by 100 ohms, and between them 
the galvanometer, in series with a noninductive resistance of 10,000 
to 100,000 ohms, was inserted. The galvanometer being tuned to 
synchronism for the frequency used, the widths to which a slit of light 
reflected from the mirror is spread out, corresponding to the various 
values of current, were read. The filament of an incandescent lamp 
was used as source, and the spreading of the image was measured 
on a scale ; in the eyepiece of the telescope the scale could be read to 
tenths. The calibration curve, given by the accompanying table, 
covers the range of the experiments. The resistance of the instru- 
ment was 215 ohms. 



Amperes. 


Deflections. 


Amperes. 


Deflections. 


4 XlO-5 


4.2 


3.3 X 10-« 


.6 


2 X10-« 


2.1 


2.8 X 10-« 


.55 


1 xio-s 


1.2 


2.5 X 10-6 


.5 


6.6X10-6 


.95 


2.2 X 10-6 


.45 


5 XlO-6 


.8 


2 XlO-6 


.4 


4 X10-« 


.7 







If now the instrument is connected with the secondary winding 
(r = 1 3 ohms) by the calculation above, the order of magnitude of 
theresultingcurrent in it should be (7.8 x iO"*)/228 = 3.42 x io~^ 
amps. 

The Experiments, — The source of current was an 8-pole single 
phase alternator giving approximately a sine curve of E.M.F. at 
no volts effective value. It was directly connected to a direct 
current motor, supplied from i lo-volt mains. A heavy flywheel on 
the shaft and rheostats in the field and armature of the motor, con- 
trolled from the point of observation, resulted in a suitable con- 
stancy and control of the frequency. The alternator supplied the 
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primary of a step up transformer of ratio 100/25,000, the high 
tension terminals being connected to the electrodes. The trans- 
former was at 5 meters distance from the apparatus proper, the 
wires being parallel and 2.5 meters apart until they intersected the 
axis of the apparatus. The lower electrode supported the paraffin, 
and the upper rested on it. The galvanometer was near the mag- 
netic circuit and suitable tests indicated that it was free from elec- 
tromagnetic disturbances due to alternator, transformer, etc. A 
reversing switch was placed between the secondary winding and the 
galvanometer, also a single pole switch which opened one side of 
the circuit only. A small solenoid placed near the galvanometer, 
and supplied from the machine, served as a test for synchronism 
and constancy of conditions. The apparatus as described permits 
several variations of conditions, giving different values of the current 
to be expected in the galvanometer. Paraffin or air may be used 
as dielectric ; the secondary coils may be used single, in series, or 
in parallel. Different values of voltage and frequency were not 
used, as spurious effects would also probably vary with these 
quantities. 

A typical set of readings is given in the table. 



Secondary Coils. 


Paraffin. 




Air. 










\ Mean. 






Mean. 


Coil No. I, No. 2 open. 


.8 


.8 


.9 


.8 .82 


.6 


.6 .6 .5 


.57 


Coil No. I, No. 2 closed. 


.0 


.0 


.0 


.0 


.0 


.0 .0 1 .0 1 .0 ' .0 


Coil No. 2, No. i open. 


.8 


.9 


.9 


.8 


.85 


.6 .6 


.6 .6 


.6 


Coil No. 2, No. I closed. 


.0 


.0 , .0 


.0 


.0 


.0 


.0 


.0.0 


.0 


Coils No. I and No. 2 in series. 


1.3 


1.3 1.3 


1.4 


1.32 


.9 


.9 


.9 .8 


.87 


Coils No. I and No. 2 in parallel. 


.7 


.75 .8 


.8 


.76 


.5 


.5 


.5 .6 


.52 



These readings were unchanged on reversal of galvanometer con- 
nections. Primary voltage 113. Frequency 130. The method 
of observing was as follows : By means of the rheostat in the motor 
field the speed was gradually brought to the desired frequency, 
this being indicated by the broadening of the image of the filament on 
the telescope scale. The machine was then allowed to run free, and 
the condition of perfect synchronism would hold for several seconds, 
often longer ; it would then drop out for a few seconds and then 
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return. The readings given represent, in each instance, the obser- 
vations of at least three of these recurring periods of synchronism. 
Observations made on different days, the paraffin being removed 
for the air reading after each set, gave readings in good agreement 
with those in the table. 

It will be noted that the values with air as dielectric are uniformly 
lower than those for paraffin, as is to be expected. They do not, 
however, differ in the ratio of the dielectric constants. In view of 
the uncertainty of the values of these constants at the frequency 
used, and of the uncertainty of the distribution of the field in the 
two cases, the discrepancy does not appear serious. More im- 
portant, however, is the fact that the series arrangement of the two 
secondary coils does not result in a doubled value of the reading 
for either coil alone, although it is noticeably greater ; a possible 
explanation lies in the arrangement of the windings of the two coils. 
As already stated, the two coils were wound in parallel in a single 
layer. Thus when connected in series half of the total induced 
E.M.F. existed between each pair of wires. This difference in 
potential would tend to upset the symmetrical and uniform oscilla- 
tion of the electrostatic charges induced on the secondary winding, 
thus resulting in the equivalent of a current which would cause a 
second induced E.M.F. in the secondary winding. This would not 
occur in the parallel arrangement, and the readings conform to this 
view. 

That these electrostatic charges introduce no error in the readings 
is indicated by the observations given in the tables for ** closed " 
coils. The short circuiting of one coil always nullified the E.M.F. 
in the other. This shows that the current in the galvanometer circuit 
is electromagnetically induced and is not electrostatic in its origin. 
Aside from this the symmetrical form and arrangement of the 
apparatus gives no cause for an unsymmetrical oscillation of the 
induced charges. 

Conclusion, — The calculated effect for one coil reduced to the 
conditions of the test, /. f., 113 volts and 1.30 cycles, is 3.16 x lO""^ 
amps. The current corresponding to the mean values (.82) of the 
deflections for coil No. i, as given by the calibration curve, is about 
5.2 X ID"'. The observed effect is thus of the same order of mag- 
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nitude as that calculated ; the uncertainty of the assumptions which 
have been made may well account for the difference in the numeri- 
cal values. 

Part II. 
The following modification of the writer's earlier experiment' 
was suggested by Kolacek for showing the electric effect of mag- 
netic displacement. Place the dielectric in a constant electric field 
and a magnetic field at right angles thereto ; if the magnetic field 
be suddenly reversed we should according to Maxwell's theory ex- 
pect an implusive force to act on the dielectric. For the expression 
for the force now becomes Kl^ V Z djdt M, since Z is a constant, 
/. e., there is no electric displacement current. According to Kola- 
cek this experiment also affords a test of the modifications of Max- 
well's theory suggested by Lorentz. The former in expressing the 
value of the displacement current as Kj/^ dZjdt says nothing as to 
the mechanism in the dielectric ; simply that the impression or relief 
of electric tension or polarization in a dielectric of specific inductive 
capacity K is equivalent in magnetic effect to current of density 
KI^{dZldt). Lorentz, however, assumes that the displacement 
current is made up of two parts, first the polarization of the ether, 
and second the displacements of atomic or ionic charges within the 
molecules of the dielectric ; that these being actual motions of 
charges are equivalent to currents and that Maxwell's expression 
KI^7:(dZldt) is equivalent to- 1/47: (K^ -f lc)dZ/d(, where K^ is the 
value of A!' for the ether and 2V is the summation of the molecular 
convection currents. This assumption admits the magnetic effect 
of electric displacement, but in the proposed experiment in which 
we should expect a deflection according to Maxwell, the electric 
field is constant, the convection currents are absent, and therefore 
according to Lorentz there would only be reaction on the ether 
which would cause no deflection of the matter of the dielectric* 
This conclusion has been questioned by R. Gans ^ who concludes 
that according to Lorentz a deflection is to be expected, but that it 
would have a value K— i/A" times that based on Maxwell's original 
theory. 

* Phys. Zeits., 4, 229, 1903. 

2 Kolacek, Phys. Zeits., 5, 455, 1904. 

*Phys. Zeits., 5, 162, 1904; 5, 627, 1904. 
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A calculation of the magnitude of the impulsive force for a specific 
case indicated (as is shown below that) it would be so small that 
its effect would be difficult if not impossible to observe directly. 
Nevertheless it was decided to carry the experiment through with 
as favorable conditions as possible, in order to see how nearly a 
calculated effect might be approached by increasing as far as pos- 
sible several factors. 

Apparatus, — As dielectric a cube of rock salt i cm. on an edge 

was used. This was first suspended between two vertical parallel 
plates at different potentials ; it was found that in this arrangement 
the dielectric had no equilibrium position owing to the irregular 
distribution of the field ; the following arrangement was therefore 
adopted. The dielectric was attached to the center of a light glass 
rod, which was suspended by two silk fibers so as to lie along the 
axis of a circular coil. Two horizontal parallel brass plates were 
placed respectively above and below the dielectric, and being suit- 
ably supported and insulated constituted the electrodes. The dielec- 
tric was thus suspended in a magnetic field set up by the coil, and in 
an electric field set up by the electrodes at right angles to the mag- 
netic field. The experiment then consists in reversing the magnetic 
field, the electric field being kept constant, and looking for a ballistic 
deflection of the block of dielectric. The force on the dielectric is as 
already stated, Kl^TzZdjdtM, K being the dielectric constant, Z, the 
electric and J/ the magnetic intensity. These quantities were made 
as large as possible. Rock salt was chosen as the dielectric, 
the value for AT being taken as 5. The coil for setting up the 
magnetic field consisted of 1,200 turns of No. 18 B. & S. wire; 
its internal diameter and its length were each 7.6 cm. The mag- 
netic intensity at the center as measured by an exploring coil and 
alternating current was found to be 166 per ampere. In the ex- 
periments the current, limited by heating, was carried to 6.5 
amperes ; hence M ^ \ ,080. Several plans for increasing the 
electric intensity in the dielectric were tried. The upper and lower 
faces of the dielectric were covered with metallic foil, a small strip 
extending from each parallel to the glass supporting arm. The 
electrodes described above being removed, very light hangers of 
fine wire were arranged to hang with small pressure against the 
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Strips projecting from the metal coatings of the dielectric faces, and 
so connect these coatings with the terminals of an induction 
machine. The slight pressure due to the hangers was in the same 
direction as the expected deflection. On charging, the little hangers 
were statically repelled, and if made heavier, the same effect set the 
dielectric in motion. After several modifications this method was 
abandoned as impracticable. Light wires from the metal coatings, 
dipping into cups of liquid conductor were then tried. In this case 
inequalities of surface tension prevented stationary conditions. The 
plan of suspending between horizontal electrodes was then adopted, 
the electrodes being brought as near together and the potential 
difference carried as high as possible, /. e,, until a greater value 
resulted in a discharge. The dielectric cube was i cm. on an edge, 
and the minimum distance between electrodes consistent with steady 
conditions v/as 2.2 cm. The potential difference was carried to 
15,500 volts, as measured by the sparking distance between brass 
spheres, using the tables of Paschen * for calculation. The sensi- 
bility of the apparatus depends principally on the length of the 
suspending threads. They consisted of very fine silk fibers and 
their length was 112 cm. The whole apparatus was suitably en- 
closed, the suspending fibers occupying separate glass tubes. 

We have then as values of the various quantities : Distance be- 
tween electrodes 2.2 cm. Maximum potential difference at elec- 
trodes £"= 15,500 volts. Maximum intensity of magnetic field 
M— 1,080. Length of suspension 112 cm. Dielectric cube i cm. 
on an edge. Mass of suspended system about 3 grams. We 
have then : 

Electric intensity in dielectric Z= , , — ,>t- = - -^'-^ — ,,. 
^ id-Jt-Kia 1 + 1.2K 

If the magnetic field is reversed the consequent impulse on the 
dielectric is : 

5 15,500 X 10^ 2.160 



12.5 X ^ X lo^*^ 7 3 X 10*" 

= 2.1 X IO~^C.g.S. 
' Wied. Ann., XXXVII., p. 79, 1889. 
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If we divide the moment of this impulse by the moment of inertia 
of the suspended system we have the consequent angular velocity 
of the dielectric cube. From this we derive its kinetic energy and 
hence the arc through which it will swing against the force of 
gravity. A calculation of' this quantity gives for the deflection a 
magnitude of the order io~* cm., which not only explains the uni- 
formly negative results of the experiments, but indicates that in 
this form the experiment suggested by Kolacek cannot be expected 
to give evidence on the questions at issue. 

The experiments were performed under the provisions of a grant 
from the Carnegie Institution. 

Physical Laboratory, 

Johns Hopkins University. 
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THE INFRA-RED SPECTRUM OF CO, AND NITROGEN. 

By E. R. Drew. 

" I ^HE present investigation consists chiefly of an attempt to de- 
^ termine the source of the band which the writer * found at 
4.75 /i in the radiation from the positive column of a Geissler-tube 
discharge in air. I had thought it probable that the band was due 
to nitrogen, but Professor Warburg suggested that it might be due 
to COj, as it is in the neighborhood of the well-known band at 
4.4 /i, and no special precautions had been taken to get rid of this 
persistent gas. Further, Paschen ^ found that the position of this 
band varies with the temperature, from 4.27 /i at 17° to 4.4 /i in the 
Bunsen flame. It was, therefore, of interest to see whether it would 
be still farther displaced, toward the longer waves, in the radiation 
from the Geissler tube, in which the relatively high optical efficiency 
points to emission under conditions which would correspond to ex- 
ceedingly high temperatures in flames. The same reasoning would 
require the wave-length to become greater as the pressure of the 
gas in the tube decreases. 

The results obtained are, briefly, that a tube filled with CO, 
shows a maximum at 4.67 yt when the pressure is 3 mm., and at 
4.70 /i at 0.6 mm. — these being the extreme pressures which could 
be used. The much smaller band which occurs at 2.7 />« in the ab- 
sorption spectrum of CO, at 17° also gave deflections which were 
unmistakable, but not large enough to locate it with certainty. Its 
approximate wave-length is 2.47 /i. The tube was then filled with 
air, and later with nitrogen, freed from CO,, with which there was 
no evidence of CO, in the color of the discharge, or in the visible 
spectrum. There was then no trace of the small CO, band, but 
there was again a maximum at about 4.7//, which, however, showed 
no evidence of displacement with change of pressure. 

1 Phys. Rev., XVII., p. 321, 1903. 
nVied. Ann., 53, p. 334, 1894. 
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Apparatus. — A mirror spectrometer with rock-salt prism was 
used, with the mirror-prism device of Wadsworth, it being conve- 
nient to keep the telescope and collimator tubes fixed. This allowed 
an approximately air-tight house to be built about the prism, in 
which drying material was kept. The prism surfaces thus remained 
in good condition throughout. 

The vacuum-tube is shown in section in Fig. i . The collimator slit, 

at 5, was 0.35 mm. wide and 6 mm. long, cut in a piece 

of sheet aluminium, and placed 2 mm. behind a some- 
what larger opening in the anode, also of aluminium. 
The constricted portion of the tube in front of the anode 
is of elliptical section, 3x8 mm., enlarging toward the 
cathode, which is an aluminium cylinder, entirely shielded 
from the slit by the shoulder of the tube. It was hoped 
by this means to secure the greatest possible intensity in 
the radiation passing through the slit. A serious disad- 
vantage proved to be the fact that this intensity depended 
chiefly upon the distribution of current just in front of 
the anode, and this was liable to change at any time. 
A series of readings was often thus spoiled when half 
finished ; and series of readings which were in themselves 
consistent, could seldom be compared with each other. 
The tube was set in the collimator tube so that the slit 
came in the proper position, the inner end closed by a 
fluorite plate and the outer by a rather rough plate of 
rock-salt, through which radiation from an outside source 
could be passed through the slit. 

It was impossible, on account of magnetic disturbances, to use a 
thermopile as receiving instrument, so a radiometer was constructed. 
In an aluminium plate placed just inside the fluorite window, a slit 
exactly like the collimator slit allowed the radiation to fall upon 
one of the vanes. The whole inner face of this plate, including the 
slit, was covered by a thin plate of mica. The maximum elonga- 
tion was reached in about 30 seconds, and the instrument was 
about twice as sensitive as the one used by the writer at Ithaca. 

The chief difficulty in the investigation arose from the fact that it 
was necessary to use a form of Julius suspension for the radiometer, 




Fig. 1. 
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to free it from the tremors of the building. It was thus not a fixed 
part of the spectrometer, and its relative position varied slightly 
from time to time. 

Current was obtained from a storage battery of 1,250 volts. 

Observations, — The difficulty described above made necessary 
the adoption of a rather laborious method for taking observations. 
This consisted in simultaneously locating the maximum for the radi- 
ation from the discharge in the tube, and for that from the Bunsen 
flame, by reading a deflection first for the one and then for the 
other at nearly corresponding points on the two curves. The 
radiation from the flame passed through an aperture 4 mm. in 
diameter in a screen 30 cm. from the slit, reaching the latter through 
the rock-salt window on the outer end of the tube. The radiometer 
deflections were then of the same order of magnitude for the two 
sources. 

The refractive indices given by Martens * were used to construct 
a calibration curve for the prism, of refracting angle 60° 9'. The 
measured angle between the i?-line and the 4.4/^ maximum agreed 
with the curve to within the errors of the settings. The smallest 
vernier reading was 0.5', corresponding to 0.066 fi in this part of 
the spectrum, so it was desirable to locate the maxima to within 
o.i' if possible. 

When the two slits are equal and parallel, so that the image of 
one with monochromatic light falls exactly upon the other, the 
plotted deflections caused by a line or very narrow band will give 
an isosceles triangle. A series of careful tests with the Bunsen 
flame showed that these conditions were nearly enough fulfilled to 
justify the location of a maximum by the intersection of two straight 
lines drawn through the points representing three or four deflec- 
tions on each side of the maximum. It was usually obvious that 
from one to three of the largest deflections did not belong to the 
triangle, so these were left out of account in the plotting. In one 
trial of the method, three sets of readings were made for the flame, 
two simultaneously, the third immediately after, and the extreme 
difference among the results for the position of the maximum was 
0.07'. 

> Dnide's Ann., 6, 623, 1901. 
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It is hardly necessary to reproduce all of the plots on which the 
results are based. Their character is well enough indicated by the 
samples given in Fig. 2. In each case the upper plot is for the 
flame, while the lower is for the gas used, as follows : 



A. COj, pressure 0.6 mm. 
-5. *• *• 3.0 •* 



C, Air, pressure 0.6 mm. 
D. «• •• 3.0 ** 



A represents one of the earlier series of readings taken, and is one 
of the poorest. In each plot the abscissas are circle readings in 
minutes of arc, the ordinates deflections in millimeters on a scale at 
100 cm. The current in all cases was 0.0 1 ampere. 
With COj the pressure increases rapidly on first starting the cur- 
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Fig. 2. 

rent, on account of the decomposition of the gas into CO and O, 
which according to Collier* may amount to 65 per cent. After a 
few minutes a fairly steady condition is reached, and there is no 
further trouble. 

All of the gases used were dried by passing through strong H^SO^ 
and a long tube of PjO^. The air and nitrogen were freed from 
CO J by passing through a KOH tube. The gas was then pumped 
through the tube, while a current more than twice as strong as 
that used in the measurements was passed through it continuously 
> Jour. Chem. Soc, 465, 1063, 1901. 
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for more than an hour, keeping the tube quite hot, until the dis- 
charge showed none of the characteristic color due to the carbon 
bands, and none of these were visible in the spectroscope. It was 
then thought hardly probable that the weaker current, which warmed 
the tube only slightly during the 30 seconds required for a deflec- 
tion, would set free enough COg from the tube walls or the elec- 
trodes to give any very strong radiation. The only prominent lines 
seen in the spectroscope were the red hydrogen, and a green line, 
probably that of mercury. 

Nitrogen was prepared from sodium nitrite and ammonium sul- 
phate, left standing over water for 24 hours, and passed through 
pyrogallic acid solution to remove traces of oxygen. 

In Fig. 3 the lower plot shows the small COg band, at 3 mm. 
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Fig. 3. 

pressure, its intensity being roughly 0.07 that of the large maxi- 
mum. The upper dotted curve shows the deflections obtained in 
the same region with nitrogen, which shows no trace of the COg 
band. 

The numerical results given below express the distance of each 
maximum from that of the Bunsen flame in minutes of arc. The 
factor given after each result is a weight assigned to it in averaging, 
derived from the appearance of the plot, and the possible variation 
in the result caused by permissible variation in the plotting. The 
two starred results, which were obtained with nitrogen, agree so 
closely with those for air, that there seems no reason for treating 
them separately. 

The mean results are below expressed in wave-lengths, assuming 
4.40 fx for the flame maximum. 
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1 


Al 


r. 




1 0.6 mm. 


3.0 mm. 


2.33 


3 


2.35 


8 


2.25 


10 


2.19 


5 


2.11 


9 


*2.18 


10 


' 2.18 


4 


*2.19 


7 



Mean 2.25 

4.697 // 



2.21 
4.692m 



2.23 
4.695m 



The radiation on its way through the spectrometer passes through 
nearly a meter of air, and suffers absorption by the CO, contained 
therein. The maximum for this absorption, according to Paschen, 
lies below 4.3 /i, so that its effect upon the location of the emission 
maxima will be small. It will also be very approximately the same 
in all cases, hence the apparent displacement of the COj band with 
the pressure in the tube would not be affected. 

On account of the previously mentioned fluctuations in intensity 
of the radiation passing through the slit it was impossible to make 
any definite comparison of the intensities of the maximum with the 
different gases used. There was no difference great enough to be 
certainly detected with the same current and pressure. 

It was not thought worth while to try oxygen, since Angstrom* 
found that its total radiation was not more than one tenth of that 
from nitrogen which was absorbed by his alum plate, and hence 
probably not more than one third of that given by this band alone. 

It is possible that the maxima may be due to some impurity com- 
mon to all the gases used ; but it seems highly probable that those 
found with COj are really due to that gas, while that found with air 
and nitrogen is not a COg band. . 

From Paschen's results for the change in wave-length of the COg 
band, from 4.27;/ at 17° to 4.4;/ in the Bunsen flame, the farther 
displacement to 4.7/^ in the vacuum tube seems reasonable on con- 
sidering the character of the radiation, which here has a considerable 
portion within the visible spectrum, while in the flame it all lies com- 
paratively far in the infra-red. An extrapolation of Paschen's re- 
sults, which would be rather rash, would lead to the speculation that 

» Wicd. Ann., 48, 509, 1893. 
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radiation sintilar to that of the vacuum tube might be gotten from 
COj if it could be raised to a temperature of the order of 10,000°, 
provided that its properties were then the same as in the vacuum 
tube, which is not in the least likely. 

I take pleasure in expressing my thanks to Professor Warburg for 
placing at my disposal the facilities of the Physical Institute, and for 
many valuable suggestions during the investigation. 

Physical Institute of the University of Berlin, 
April, 1905. 
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PHYSICAL REVIEW 




ON BILLITZER'S METHOD FOR DETERMINING AB-y/ 
SOLUTE POTENTIAL DIFFERENCES. 

By H. M. Goodwin and Robert B. Sosman. 

IN an interesting article on Absolute Potential Measurements 
which appeared in Drude's Annalen/ in 1903, Mr. J. Billitzer 
describes three new experimental methods of determining the abso- 
lute potential between a metal and a liquid, and presents results 
obtained by these methods which, although sufficiently concordant 
among themselves, are completely at variance with those generally 
accepted, based upon the well-known surface tension phenomena. 
The magnitude of the discrepancy may be judged of by the fact 
that the value of the potential of a normal calomel electrode deter- 
mined by the proposed methods is 0.74 volt above the value gener- 
ally assumed. To explain this discrepancy the author suggests a 
modification of Helmholtz*s double layer theory, namely that the 
opposed charges of a double layer are not, as heretofore assumed,, 
equal, but that a positive or negative charge preponderates accord- 
ing to circumstances. 

The theoretical importance of the questions thus raised by the 
results of this investigation seemed to us to make a further verifica- 
tion of the experiments on which the conclusions of the articles are 
based desirable. With this in view we undertook to repeat with 
as great care as possible the experiments described. As the exact 
conditions under which the experiments were carried out„ particu- 
larly as regards the concentration of the solutions used, are stated 

> Ann. der Phys., II, 902, 937, 1903. 
129 
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very vaguely by the author, it was difficult or impossible to know just 
what the exact conditions were. We have attempted however to 
reproduce them as nearly as possible. It may be stated in advance 
that our experiments do not furnish a satisfactory confirmation of 
the results in question. 

The Proposed Methods. 
The line of reasoning on which the proposed methods are based 
may be briefly stated as follows. If a minute metallic ball or par- 
ticle be suspended in a liquid between which and the particle a 
difference of potential exists, there is formed at the surface of con- 
tact of the two a double layer (Helmholtz). The metal may possess 
a positive or negative charge with respect to the liquid depending 
upon the electrolytic solution pressure of the metal (Nernst), and 
on the concentration of the ions of the metal in the solution. If 
such a suspended ball or particle, supposed positively charged, be 
placed in the path of a strong potential gradient maintained from 
an external source by immersirtg two electrodes in the liquid, the 
positive charge on the particle will be attracted to the negative elec- 
trode or cathode, and the negative charge of the double layer in 
the liquid will tend to move in the opposite direction to the positive 
pole or anode. A motion of the particle in the direction of the 
current, /. c, toward the cathode should result. If the polarity of 
the double layer be reversed, the motion should be in the oppo- 
site direction. If the potential between particle and liquid is zero. 
i. €., the double layer disappears, there should be no motion. Elec- 
trostatic effects arising from induction due to unsymmetrical dispo- 
sition of the ball with respect to the electrodes are of course sup- 
posed to be eliminated by observing with reversals of the polarity 
of the electrodes producing the field. Absence of motion of a par- 
ticle or minute metallic ball suspended in a liquid through which a 
potential drop is maintained is taken therefore as indicating zero 
potential between the metal in question and the liquid, and if an 
auxiliary electrode of the same metal as the suspended particle be 
immersed in the liquid the potential between it and the liquid is 
also assumed zero. Such an electrode can then be used as a stan- 
dard of reference in combination with other electrodes to deter- 
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mine the absolute potential difference between them and the solu- 
tion in which they are immersed respectively. 

The three following methods all based on this principle are pro- 
posed. The essential difference between them is the mode of 
observing the reversal point or disappearance of the double layer. 

1. The deflection of a minute ball fused at the end of fine wire 
and suspended in a liquid by a quartz fiber is noted. 

2. The direction of migration of a colloidal metallic suspension 
is noted. 

3. The potential difference produced at the ends of a tube of 
liquid when a metallic suspension is allowed to fall through the 
liquid is noted. 

In the experiments described by Billitzer all three methods lead 
to practically the same result, namely that a reversal of motion in 
case I and 2 and reversal of potential in case 3 occurs when the 
potential between the auxiliary electrode in the solution under in- 
vestigation and a o.i -normal calomel standard electrode is +0.125 
volt, or in other words assuming the P.D. at the auxiliary electrode 
to be zero, the P.D. (solution to metal) of a o.i -calomel electrode 
is +0.125 volt, /. e,, 0.74 volt greater than the value — 0.614 volt 
usually assumed.^ 

In the present paper we have repeated the experiments made by 
the first method. The experiments described under the second 
method have at the same time been made the subject of an investi- 
gation by Dr. J. C. Blake in connection with an extended researjch 
on colloids.^ The results obtained by him failed completely to 
confirm those obtained by Billitzer, for it was found that the direc- 
tion of migration of the metallic colloid (Bredig) could be varied 
at will by the addition of a greater or less amount of gelatine 
which it was necessary to add to prevent coagulation of the colloid 
when an electrolyte was added to the solution. Billitzer also used 

1 Billitzer erroneously adopts in bis computation the P.D. of a normal calomel elec- 
trode instead of that of o.i-normal electrode which he used in his experiments, f. ^., he 
bases his potentials on the value — .277 volt (normal hydrogen electrode =0) instead 
of the correct value — .337 volt. The first of these values is moreover incorrect; the 
value should be taken as — .283 volt. See Wilsmore, Zeit. filr Phys, Chem., 36, 91, 
1901. 

«Am. Joum. Chem. Soc., 26, 1378. 
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gelatine for this purpose in all of his experiments, but he fails to 
state in his article exactly how much was added. In his paper 
"ein Spur** is stated as being sufficient, while in a letter to Blake 
he states that *' recht viel ** was added.* The reversals observed by 
Billitzer in these experiments would seem therefore to be due to the 
variable gelatine concentration rather than to the disappearance of 
the double layer on the suspended particles, and hence his conclu- 
sions relative to the potential of reversal, so far as they rest on 
experiments based on the second method, do not appear to be 
warranted. 

In view of the above results and those described below, the third 
method has not been further investigated. 

Apparatus and Method. 
The form of apparatus employed in our investigation was essenti- 
ally ihat described by Billitzer. The following details are given for 
completeness and reference. 

The Suspension, — A platinum wire 1.5 cm. long and 0.025 mm. 
in diameter with one end fused to a minute sphere was attached to 
a quartz fiber 26 cm. long by means of a bit of sealing wax. The 
fiber was suspended by means of a small loop of wire attached to 
its upper end from a hook of fine wire sealed into a glass tube. 
This tube could be raised or lowered through 
a cork which fitted the upper end of a glass 
guard tube to protect the fiber from air cur- 
rents. The guard tube was 2.5 cm. in diam- 
eter and 35 cm. long. The lower end was 
drawn down and flared at the bottom as shown 
in Fig. I. 

The Electrodes, — The electrodes to which 
the iio-volt or 220-volt circuit was applied 
to produce a potential gradient through the 
liquid in which the wire was suspended were 
of platinum foil 4 mm. x 8 mm. to which 
platinum wires were welded and sealed into 
glass tubes, contacts being made in the tube by means of mercury. 

ijourn. Araer. Chem. Soc, 26, 1378. 
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Two auxiliary platinum electrodes for measuring the potential of 
the liquid were used, one platinized and the other smooth. These 
were each 0.5 cm. x i.o cm. 

The Vessel, — The vessel for containing the liquid was a cubical 
glass cell 5x5x5 cm. To concentrate the potential gradient at 
the suspended ball a glass partition was introduced as shown in 
Fig. I. The opening in which the suspension hung was about 
I X 2 cm. The electrodes were placed one on each side of this 
partition. The whole vessel could be set into a beaker, the top of 
which was hermetically sealed by a paraffine cover through which 
the guard tube, electrodes, siphon and auxiliary tubes for with- 
drawing and admitting gases other than air were sealed. This per- 
mitted working in an atmosphere of hydrogen, carbon dioxide, etc. 

Mountings — With so delicate a suspension as that employed, 
the effect of mechanical jar had to be eliminated as far as possible. 
For this purpose the apparatus was set up on a brick and masonary 
pier free from the walls and floor of the building but still far from 
steady owing to heavy traffic in the street. On this was placed a 
slate block 51 x 51 x 15 cm. resting on hair felt, and on the slate 
block was placed a massive iron block 30 x 30 x 15 cm. The 
best results were obtained by supporting the iron block on three 
rubber stoppers placed at the vertices of an equilateral triangle. All 
of the apparatus was mounted on the iron block with the exception 
of the microscope which rested on the slate block, to permit adjust- 
ment without jarring the suspension and liquid. Even with this 
arrangement occasional vibrations were noticeable, but these were 
so small as not seriously to interfere with the observations. 

Potential Measuring Apparatus, — For measuring the potential of 
the auxiliary electrodes against a o.i -normal calomel electrode, the 
usual Poggendorff compensation method was used with a Lippmann 
electrometer sensitive to 0.601 volt as indicating instrument. The 
bridge constant was determined before each set of measurements 
by means of a Weston cadmium cell whose electromotive force 
determined against the laboratory standard Clark cell was found to 
be 1.020 volts. 

The liquid in the cubical-shaped cell described above was con- 
nected with a 0.1 -normal calomel electrode through an intermediate 
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vessel containing o.i -normal potassium chloride. Connection was 
made by means of a siphon containing o. i -normal potassium chloride 



I II Tenth norm«.l 



£h%Tr»mut*r 







Fig. 2. 

solution gelatinized by a little agar-agar. The complete arrange- 
ment of the apparatus is shown in Fig. 2. 

Experimental Results. 
We first made a number of preliminary qualitative experiments 
with the substances examined by Billitzer. The results agreed in 
the main with his, although there were several notable excej tions as 
will be seen from Table I. 

Table I. 
Qualitative Experiments, 



Sobttance. 


BiUltser. 

Charge of Pt. 

v«. 

Solution. 


Goodwin ft Sot- 

man. Charge 

of Pt. v«. 

Solution. 


Remarka. 


Air. 


— 


— 




Distilled water. 


— 


— 




Water -f trace NaCl. 


— 


— 


KQ added instead of NaQ. 


" -f «* acid. 


— 


— 


HCl added. 


*' + Br. 


— 


— 




Acetone. 


— 


+ 




Ethyl alcohol. 


+ 


— 


No deflection observed at first. 


Formaldehyde. 


+ 


+ 




Hydrogen peroxide 






2 per cent, was found to evoWe 


(40 per cent). 


-f 


— 


too mach gas for observation. 


Ether. 


4- 


+ 




Chloroform. 


+ 


-f- 


No deflection at first. 



A disagreement between our results and Billitzer*s, which numer- 
ous repetitions of the experiment failed to remove, was found in 
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the sign of the deflections in the case of acetone, ethyl alcohol and 
hydrogen peroxide. We were first inclined to attribute the dis- 
agreement to possible differences or impurities in the solutions, and 
proceeded at once to quantitative measurements in which the con- 
centrations of our solutions were definitely known. 

The first solutions thus investigated were mixtures of alcohol and 
water as the concentrations used by Billitzer were definitely stated 
for this particular case, and an exact repetition of the experiments 
seemed possible. The solutions used in our experiments were 
made up from ^ per cent, alcohol, while Billitzer states 94 per 
cent, as the strength used by him. Three concentrations were 
studied, 96, 81 and 32 per cent, respectively, thus covering the 
extreme range of concentrations previously investigated. Our re- 
sults together with the corresponding ones obtained by Billitzer 
are given in Table II. In this and the following tables a negative 
deflection signifies that the motion was towards the anode, i. e,, the 
suspended wire was negatively charged with respect to the solu- 
tion. The "deflections" are expressed in arbitrary divisions of the 
filar micrometer, their sign only being significant. 







Table II. 
Alcoholic-Aqueous Solutions, 








Goodwin ft Soaman. 


BiUitzer. 


i 


S 


1 
1 


Platinized 

Pt. va. 0.x 

Normal 

Electrode. 


Poliahed 
Pt. va. O.X 

Normal 
Electrode. 


Fine Pt. 

Wire va. o.x 

Normal 

Electrode. 


.g 

i 


Platinised 

Electrodea 

va. 0.x 

Normal 

Electrode. 


Deflection. 


96 
96 
81 
32 


220 
220 
220 
220 


-2 to -3. 
-1.0 

-0.3to-1.0 
-3.5 to -4.0 


+0.050 
+0.003 
+0.037 
+0.086 


+0.15 
+0J10 


+0.07 

+0.12 
+0.14 


94 

85 
70 
31 


+0.155 
+0.15 

? 
4 0.139 


4- 

? 



The observations were taken after the lapse of one half hour to 
an hour to allow an equilibrium condition to be established between 
electrodes and solution. The variable values of the ** deflection" 
are the result of a new vertical or lateral adjustment of the position 
of the suspended wire between the polarizing electrodes. It is to 
be noted that no positive deflection could be obtained even in 96 
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per cent alcohol although BilUtzer's results showed such deflec- 
tions to occur in 78 per cent alcohol and even 70 per cent solu- 
tions. Moreover the potentials of the three ty^pes of auxiliary 
electrodes used, namely, platinized platinum, smooth platinum and 
wire similar to the suspended wire, showed no satisfactory agree- 
ment either with Billitzer's corresponding values or m-ith each other. 
Results obtained with the platinum wire agreed on the whole best 
with Billitzer's. As to the best form of auxiliary electrode to use 
and the probable cause of the above discrepandes reference will be 
made later. 

The power which alcohol possesses of reversing the potential of 
a platinum electrode as observed by Billitzer, is explained by an 
auto-oxidation by which hydrogen peroxide is formed. Hence it 
was concluded that addition of small amounts of this latter sub- 
stance should also have the power of re\'ersing the potential of 
platinum in acid solution. This prediction was borne out by Billit- 
zer s results, a reversal occurring as before at approximately 0.125 
volt, /. e., platinized platinum vs. o. i -normal calomel electrode. We 
repeated these experiments varying the concentration of hydrogen 
peroxide from 0.2 per cent, to o.ooi per cent, but obtained in every 
case a negative deflection. The condition of our solutions must 
have been essentially the same as Billitzer*s, as the potential of the 
platinized electrode z/5. o.i -normal calomel electrode agreed fairly 
well with that found by him. It may be noted here that hydrogen 
peroxide was one of the substances which in our preliminary exper- 
iments was found to give results disagreeing with the published ones. 
Billitzer obtained a positive deflection in 40 per cent, hydrogen per- 
oxide. We were unable, however, to obtain reliable deflections with 
even a 2 per cent, solution on account of the violent disturbances 
in the liquid arising from the decomposition of hydrogen peroxide 
in the presence of platinum. Our results are given in Table III. 
together with Billitzer's first series with hydrogen peroxide for 
comparison. The concentrations in his experiments were not stated. 

As an example of a strong reducting agent capable of effecting 
a potential reversal, formaldehyde was found by Billitzer to reverse 
the deflection when the platinum potential vs. o. i normal calomel 
electrode was as before o. 125 volt As no statement is given to in- 



Digitized by 



Google 



No. 3.] 



DETERMINING POTENTIAL DIFFERENCES, 



m 



Table III. 
Hydrogeft'Peroxide Solutions. 





Goodwin ft Soeman. 




1 Bi 

1 

! ^tJo^n-- 


llitzer. 


Concentra- 
tion in 
Per Cent. 


B.M.P. 


Deflection. 


Platinised 

Pt. ve. o.x- 

Normal 

Calomel 

Electrode. 


Smooth 

Pt. V». O.X- 

Normal 
Calomel 
Electrode. 


Platinised 
Pt. vs. O.X 

Normal 
Electrode. 


0.2 


220 


-1.0 to -1.5 


+0.29 




,1 4- 


+0.4 


0.1 


220 


-5.0 to -6.0 


+0.28 


+0.28 


l! + 


+0.3 


0.02 


220 


-6.0 


+0.23 




1 + 


+0.2 


0.004 


110 


-2.5 


+0.20 




, + 


+0.15 


0.001 


220 


-3.5 


+0.19 


+0.20 


il ? 

1 


+0.12 
+0.10 
4 0.08 















dicate whether weak or strong solutions of the substance were used 
we extended a series of measurements from a 40 per cent, to a 0.04 
per cent, solution. In this case we were able to detect a reversal in 
the deflection in passing from a 10 per cent, to a 36 per cent, solu- 
tion. The reversal potential however did not check Billitzer's, as 
will be seen from the results given in Table IV. 

Table IV. 
Formaldehyde Solutions, 









lan. 


" 


1 Bil 

1 Deflec- 
tion. , 








Goodwin ft Sosn 

1 
. 1 Deflection. 

i 


litzer. 


Concentra- 
tion in 
Per Cent. 


E. M. P 


Platinised 
Pt. v». o.x- 

Calomel 
Electrode. 


Smooth 
Pt. v». o.x- 

Calomel 
Electrode. 


Platinised 

Pt. vs. o.x- 

Normal 

Electrode. 


40 


220 


I 10 +0.3 


-0.02 


+0.06 


4- ! 


+ 0.17 


36 


220 


1+0.3 


-0.03 


+0.04 


-f ' 


+0.15 


36 


220 


+0.2 


+0.02 


+0.07 


+ 1 


+0.14 


10 


110 


1 -1.5 to -2.0 


-0.04 




+(?)! 


+0.13 


10 


220 


-2.5 


-0.04 




— 


+0.12 


2 


220 


1-2 


-0.06 


+0.06 


1 


+0.11 


0.4 


110 


-1.5 to -2 


-0.10 


+0.01 




+0.10 


0.2 


110 


i -1.0 to -1.5 


-0.07 


+0.03 


t — 


+0.09 


0.08 


110 


[-2.0 


+0.02 


+0.04 






0.04 


110 


-4. to -5. 


+0.01 


+0.07 


^^ 






Finally we repeated the series of experiments in which the varia- 
tion of the reduction potential of a solution was varied between 
wide limits by changing the relative concentration of ferrous and 
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ferric ions in the solution. Billitzer found that by varying the 
relative concentration of these ions a reversal of the deflection of 
his test electrode occurred again at the characteristic potential be- 
tween o. ID and 0.13 volt. We did our best to check these results 
but without success. Our only guide for duplicating the concen- 
tration used was the statement that •' die Koncentration der ur- 
sprunglichen Losung wurde in verschiedenen Fallen verschieden, 
immer jedoch sehr klein gewahlt.** Billitzer used ferrous and ferric 
sulphates in his experiments ; we used ferric chloride and ferrous 
sulphate. 

Table V. 

Ferrous and Ferric Salt Solutions. (^Fe^Cl + FeSOJ in Various 

Proportions, 



Goodwin ft Sosman. 



Conc«ntrflition 
in Per Cent. 


E.M.P. 


Feci,. 


Peso*. 


0.001 





220 
110 
220 


0.001 


0.02 


220 


0.001 


0.03 


220 


0.001 


0.05 


220 


0.05 





220 


0.035 





220 


0.035 





220 


0.001 





220 





0.1 


220 



Deflection. 



Platin. 
ixedPt. ! 
vs. o.x- j 
Calomel 
Electrode. 



Smooth 
Ft. ve.o.x- 

Calomel 
Electrode. 





-1.5 
-3.0 
-2.5 
-1.0 

uncertain because 

of electrolysis, 
uncertain because 

of electrolysis, 
uncertain because 

of electrolysis, 
uncertain because 

of electrolysis. 

negative 

electrolysis. 



+0.36 



+0.32 
+0.315 

+0.23 

+0.50 

+0.49 

+0.43 

+0.38 
+0.27 



+0.41 



+0.46 



BilUtser. 



Deflec- 
tion. 



4- i 

t 

/ veryA 
Vweak./ I 



Platinised 

Pt. v». o.i- 

Normal 

Calomel 

Electrode. 

+0.16 
+0.15 
+0.14 
+0.13 
+0.12S 

+0.10 
+ 0.09 



+0.29 
+0.25 



In these experiments reliable deflections could be obtained only 
in the very dilute solutions on account of electrolysis. Whether the 
solution contained ferrous or ferric ions the platinum suspension 
showed deflections indicating the metal to be negatively charged in 
all cases. The auxiliary platinum electrode was under the same 
conditions always positively charged referred to Ostwald's zero. 
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Mercury and Silver Electrodes. 

In the above experiments platinum is to be regarded as an oxi- 
dation or reduction electrode. Among other metals whose electro- 
lytic solution pressure is such that a reversal of their potential with 
respect to a solution can be eftected by varying the ionic concen- 
tration of the solution, may be mentioned mercury and silver. 
These metals were both tried by Billitzer, the former as amalga- 
mated fine platinum wire, and the latter in the form of very fine 
silver wire. Auxiliary electrodes of the pure metals were used for 
measuring the potential of the solutions against a o.i -normal calo- 
mel electrode as before. 

We tried both of these metals but obtained a reversal only with 
mercury. A reversal was observed by Billitzer with mercury in 
mercuric nitrate, in one experiment only. 

In these experiments the suspended platinum wire ball was 
amalgamated by being placed as cathode in a solution of mercuric 
nitrate acidulated with nitric add. The auxiliary potential elec- 
trode of platinum was similarly amalgamated. After amalgama- 
tion the wire showed numerous swellings along its length about 
0.04 mm. in diameter, the wire being 0.025 mm. in diameter. 
The strongest mercuric nitrate solution used in the following 
measurements was 2.5 per cent, acidulated with six drops of nitric 
acid in 200 c.c. A solution of o.i -normal potassium nitrate was 
used in the siphon to connect with the calomel electrode. The 
results are given in Table VI. 

Table VI. 
Mercury in mercuric nitrate solutions. 



Concentration in 
Per Cent. 


E.M.F. 


Deflection. 


Amalgamated Pt. 

v». o.s-Normal 

Calomel 

Electrode 


Remarks. 


2.5 


110 


+LS to 44 


+0.405 


No deflection at first. 


L2S 


110 


+2.5 


+0.403 


tt ti f( 


0.13 


110 


40.3 to +0.4 


+0.385 




0.02s 


110 
220 


-0.4 
-0.4 


+0.364 




0.013 


220 


-LS 


+0.350 





It is to be noted that the reversal potential (between + 0.36 and 
+ 0.39 volt) does not agree with Billitzer's +0.125 value. 
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In the case of silver Billitzer could get no reversal by diluting a 
silver nitrate solution. The reversals all indicated the silver was 
positively charged vs, the solution. By the addition of potassium 
cyanide the concentration of silver ions can be almost indefinitely 
diminished and it is well known that the metal becomes negatively 
charged with respect to such a solution. Billitzer observed by his 
second method (direction of migration of colloids) that addition of 
potassium cyanide produced a reversal when the auxiliary electrode 
indicated a potential of between + o. 1 1 and + o. i6 volts vs, o. i -nor- 
mal electrode. We tried the experiment of noting the deflection of a 
very fine silver wire 0.043 mm. diameter suspended as before by a 
quartz fiber in an excessively dilute silver nitrate solution to which 
potassium cyanide was added. No trustworthy observations could 
be obtained at concentrations greater than about 0.0005 normal on 
account of electrolysis. As will be seen in Table VII., deflections 
were always negative even when the auxiliary silver electrode 
changed in potential from -|- 0.27 volt to — 0.30 volt vs, the o.i- 
normal calomel standard. In silver nitrate alone we have certainly 
every reason to regard silver as positive vs, the solution, yet the sign 
of the deflections observed, if they are determined by the charge 
alone, would indicate the contrary. 

Table VII. 
Silver in silver nitrate -|- potassium cyanide. 













Concentration 

in 
Mols. AffNOs. 


i 

B.M.P. 
110 


Deflection, 
uncertain 


Ag. Electrode 

vs. o.x-Normal 

Calomel. 

+0.35 


Remarks. 


0.01 


Electrolysis. 


0.005 


no 


tt 


+0.33 


t( 


0.0005 


no 


-1 


+0.27 






220 ; 


-1.5+ 


+0.27 




0.0001 


220 ! 


H).5 


-0.30 


.01-Normal AgNOjppt. 
and redissolved in KCN 




. 


_ 


_ _ 


and diluted ten times. 







Discussion. 
A consideration of the preceding results show that : 
First : The phenomenon in question, i. e,, of the reversal in de- 
flection of the suspended wire does not appear to be general, but 
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occurs only in exceptional cases. The general phenomenon would 
seem to be a motion of the suspended metal towards the anode. 

Second: The reversal phenomenon does not appear to stand in 
any definite relation to the potential between the auxiliary electrode 
and the solution, the characteristic reversal potential of +0.125 
volt (platinum vs. o.i -normal calomel electrode) found by Billitzer 
being in no case observed. 

These two experimental facts seem to us to be reasonably well 
established by our experiments. We do not attempt to offer an 
explanation for the remarkably concordant results of Billitzer lead- 
ing to entirely contrary conclusions. It is possible that some essen- 
tial condition was observed in his work not sufficiently stated in 
his article to enable us to duplicate it in our experiment. If so we 
trust that it will be more clearly pointed out. Attention may be 
called, however, to several factors which impressed themselves upon 
us in the course of our work, which have a direct bearing on the 
phenomenon under discussion and which may lie at the foundation 
of the results observed. 

Effect of Electrode Surface. 

Does the auxiliary electrode indicate the same potential as that 
existing between the fine suspended wire and the same liquid ? 
This is evidently a fundamental question as the interpretation of all 
results obtained by Billitzer rests on the assumption that the two 
are identical. 

We carried out several experiments to test this point by com- 
paring against a o.i -normal calomel electrode the potential drop be- 
tween a platinized electrode, a polished electrode and an electrode con- 
sisting of a fine wire used for the suspension. It might be expected 
that since the last is smooth wire with a ball fused at the end, it 
would comport itself electrometrically more nearly like the polished 
platinum electrode than the platinized electrode. It was found that 
potential measurements with such extremely fine wire electrodes 
and even with electrodes consisting of a bunch of such wires were 
difficult to make and rather uncertain in their results. The follow- 
ing figures show that the potential of a fine wire electrode and a 
platinized electrode in the same liquid may differ by several hun- 
dredths of a volt, the former being always higher. 
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Solotkm. 


Wire. 


Platiaind. 


Poliabcd. 


Fonnaldchydc 


-0.02 


H).064 


-0.059 


•• 


^0.10 


-0.019 


-0.041 


Alcohol water. 


+0.07 


*0.0S0 




4« 


*0.12 


-0.037 




it 


-0.14 


-0.086 


+0.100 









Polished electrodes were found to be far less certain in their be- 
havior than platinized electrodes, as was to be expected, and it might 
be fairly assumed that the wire electrodes would show similar irregu- 
larities. Platinized electrodes, on the other hand, when properly 
prepared by treating as cathode in dilute sulphuric add to reduce 
and remove residues of the platinizing liquid (Ostwald), then washed 
in boiling water, gently heated and finally allowed to stand in dis- 
tilled water, always gave concordant results among themselves. 

Effect of Time on Potential Equilibrium. — A very marked effect 
of time on the potential of the auxiliary electrode was noted in 
some cases which was different for platinized and unplatinized elec- 
trodes. This was most marked in the case of formaldehyde solu- 
tions, and was noticeable in all other solutions except those of 
hydrogen peroxide and mercuric nitrate. 

A gradual change in the solution may account in part for the pro- 
gressive rise in potential observed : the point we wish to make how- 
ever is, that the time required to reach equilibrium was much greater 
in the case of the platinized than in the case of the unplatinized 
electrode, and if the unplatinized suspended wire comports itself 
like the polished potential electrode the same kind of uncertainty in 
its indications as to deflections would result. 

The cause of the gradual rise of potential of the auxiliary elec- 
trode potential, observed in distilled water was also investigated. 
The potential was lower in freshly boiled water than in water which 
had stood some time in air : the eflfect was therefore ascribed at first 
to dissolved oxygen, but when pure air was passed through carefully 
boiled water to resaturate it, the potential fell instead of rising. 
This suggested at once that carbon dioxide caused the change. 
Carbon dioxide from the lungs was passed through the water, and 
the potential rose ; this carbon dioxide was then washed out by a 
current of pure air, and the potential fell to the value first obtained in 
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air-washed water. Saturation of the water with pure carbon diox- 
ide brought the potential up somewhat above that obtained in water 
which had stood in contact with air. Tory and Barnes ^ have ob- 
served such an effect with platinum, and ascribed it to air ; it may 
be possible to explain their results by the presence of carbon dioxide. 
Effect of Liquid Junction, — Of minor importance in the present 
investigation is the value of the potential difference arising at the 
junction of the o.i -normal electrode and liquid under investigation. 
This is at best uncertain in experiments like the above, and although 
in many cases it is probably small owing to the nearly equal migra- 
tion velocities of potassium and chlorine ions, yet with the some- 
what complicated nature of the solutions and solvents used and 
their extreme dilution it is possible that it may attain a very appre- 
ciable value. 

Effect of Dissolved Gases on the Sign of the Deflection. 

We would like to point out one other factor which seems to us of 
much greater importance on the phenomenon in question than any of 
the preceding, and one which apparently has not been considered 
by Billitzer. We refer to the phenomenon described and investi- 
gated in 1 86 1 by Quincke,^ who found that minute bubbles of 
hydrogen, oxygen and air act exactly like solid particles when sus- 
pended in a liquid and migrated towards the anode when a current 
was passed through an aqueous solution containing them. In tur- 
pentine, however, he found that all substances which he investigated 
(except sulphur) migrated positively, i, e., towards the cathode. 
Now it was frequently observed in our experiments that no deflec- 
tion was produced at the first instant the voltage was applied. After 
visible electrolysis had taken place and minute bubbles appeared in 
the liquid, a deflection of the wire became evident and the deflection 
was always towards the anode. This seems to us significant, for 
although it is true that deflections were repeatedly observed at the 
instant the current was established and when no bubbles were vis- 
ible on the end of the suspended wire, yet is quite conceivable, and 
indeed probable, that in the process of immersing the wire in the 

* Trans. Amer. Electrochem. Soc, 3, 95, 1905. 
«Pogg. Ann., 113, 565, 1861. 



Digitized by 



Google 



144 ^' ^' GOODWIN AND ROBERT B. SOSMAN [Vol. XXI. 

liquid from the air, very minute particles of air might remain 
attached to it, or might separate out on it from the liquid. The fol- 
lowing experiment in the light of Quincke's results seem to bear out 
the above hypothesis. The platinum wire was suspended in turpen- 
tine and deflections observed with 220 volts applied. They were 
unmistakably positive. The resistance of the cell was so high that 
the current was less than o.(X>ooi ampere. In distilled water satur- 
ated with pure hydrogen, the deflection was distinctly negative. 
The presence of minute, even invisible, bubbles of gas on the sus- 
pended electrode which may arise from gases in the solution, from 
the air or from electrolysis, seems therefore to offer a very plausible 
explanation of the results observed. 

Another factor which may also have at least a secondary influ- 
ence on the deflections, is the possible motion of the liquid surface 
under the action of the applied voltage.* Such a motion of the 
surface was frequently noticed on closing the circuit, when the 
microscope happened to be focused so that the surface was in the 
field of view. Since a difference of potential exists between a 
liquid surface and the gas above it, such a motion does not seem 
a priori unlikely. This phenomenon is worthy of further investiga- 
tion. 

Conclusion. 

The present investigation was undertaken in order to obtain a 
confirmation of Billitzer's results on absolute potentials by the 
method of deflections of a minute metallic electrode suspended in 
various solutions, under the influence of an electric current. The 
results obtained have failed completely to confirm the measurements 
obtained by him, and we are forced to the conclusion that the 
method proposed is not to be relied upon for the purpose for which 
it was developed. This conclusion is further strengthened by the 
results obtained by Blake on the migration of colloids, who has 
also failed to confirm Billitzer's measurements using the colloid 
method. 

So far as our experiments go, it would seem that most of the 
phenomena observed may be explained on the assumption of the 
negative migration of gaseous particles in the liquid, as first demon- 
strated by Quincke in 1861. 

» F. B. Kendrick, Zcitschr. f. Physikal. Chem., 19, 625, 1896. 
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We believe therefore that the results obtained by Billitzer by the 
above described method afford as yet no sufficient grounds for 
rejecting the generally adopted values for the potential of the normal 
(or tenth normal) calomel electrode. 

Since the above work was completed two other articles ^ have 
appeared by the same author in which he has determined absolute 
potentials by investigating the phenomena of concentration changes 
produced by the dropping electrodes first studied by Palmaer, and by 
a modification of Pellat's surface tension method. As the results 
obtained by both of these methods confirm approximately the 
author's previous results, a description of the precise conditions under 
which the former experiments were carried out seems all the more 
desirable. 

BIBLIOGRAPHY. 

The following references have been consulted in the preparation of this investigation : 

Ayrton and Perry. 

Proc. Roy. Soc., 27, p. 136, 1878. Beib. 4, 66$. 
BUlitzer, Jean. 

Ber. Wien Akad., iii, p. 1393, 1902, 

Ann. d. Phys., (4), 11, p. 937. 1903- 

Ann. d. Phys., (4), xx, p. 902, 1903. 

Zts. f. Elektroch., 8, p. 638, 1902. 

Zts. f. Phys. Chem., 48, 513, 542, 1904. 
aifton. 

Proc. Roy. Soc., 26, p. 299, 1877. Beib. i, 556. 
Bzner, F. 

Wien. Monatsch. f. Chem., ia,p. 276, 1891. Beib. 16, 77, 
Bzner and Tnma. 

Wien. Ber., (2), 97, p. 917, 1888. Beib. 13. 178. 
Gerland. 

Pogg. Ann., X33, p. 513, 1868. 

Wied. Ann., 18, p. 537, 1883. 
Harkel. 

Pogg. Ann., X26, p. 286. 
Helmholtz. 

Ges. Abh., I., 491, 925. 

Pogg. Ann., 86, p. 22S, 1853. 

Wied. Ann., 7. p. 337, 1879. 
Johnson, W.McA . 

El. Chem. Ind., x, p. 537, 1903. 
Kenrick, F. B. 

Zts. f. Phys. Giem., 19, p. 625, 1896. Beib. 20, 707. 

iZeitsch. fUr Phys. Chem., 48, 513 and 542, 1904. 



Digitized by 



Google 



146 H, M, GOODWIN AND ROBERT B, SOSMAN. [Vol. XXI. 

KOoig, A. 

Le Blanc* s Electrocbemistry (trans.), p. 215. 
Lippnunn. 

Ann. Chim. Phys., (5), 5, p. 515, 1875. 
Meyer, 6. 

Wicd. Ann., 53. p. 845, 1894 ; 56, p. 680, 1895. 
Nerntt. 

Beib., 58, p. 608, 1896. 
Ostwald. 

Zls. f. Phys. Chem., I., p. 583, 1887. Beib. xa, 108. 

Zts. f. Phys. Chem., 36, p. 97, 1901. 
Ostwald aod Wilimore. 

Zts. f. Phys. Ch., 36, p. 91, 1901. 
Palmaer. 

Zts. f. Phys. Chem., 25, p. 265, 1898; 28, p. 257, 1899; 36, p. 164, 1901. 
Paschen. 

Wied. Ann., 41, p. 42, 177, 801, 1890; 43, p. 568, 1891. 
Pellat. 

Comp. Rend., 108, p. 667, 1889. Beib. 13. 528. 
Quincke. 

Pogg. Ann., 1x3, p. 565, 1861. 
Tory and Baroet. 

Trans. Am. Electrochem. Soc, 3, 95, 1903. 
Villemoot6e. 

Journ. de Phys., (2), 9. p. 65, 326, 1890. Beib. X4, 906. 1 136. 

Journ. de Phys., (2), xo, p. 76, 189 1. Beib. X5, 363. 
Wiedemann Lehre y. d. Elektricitftt. 

I., p. 208, 1893. 

I .p. 703. 1893. 

I., p. 718, 1893. 

II., p. 984, 1894. 
Wiismore. 

Zts. f. Phys. Ch., 35, p. 291, 19CO. 

The Ror.ERs Laboratory of Physics (Laboratory of Electro- 
chemistry), Massachusetts Institute of Technology. 



Digitized by 



Google 



No. 3.] DISTRIBUTION OF ENERGY. 1 47 



sj 



ON THE DISTRIBUTION OF ENERGY IN THE 
VISIBLE SPECTRUM. 

By Edward L. Nichols. 

THE direct determination of the distribution of energy in the 
visible spectrum of incandescent bodies is a somewhat diffi- 
cult matter. Even with the most sensitive forms of linear bolom- 
eter or with the radiometer the deflections obtained by exploring 
the spectrum of artificial light sources are very small excepting in 
the red. The proper correction of this portion of the observed 
curve for slit width is likewise a matter of some uncertainty. The 
visible spectrum of sunlight, it is true, is of sufficient strength to 
admit of direct measurement and the spectrum of the electric arc 
affords easily measurable intensities ; but the distribution of energy 
in the former is so seriously affected by varying atmospheric absorp- 
tion as to render the sun worthless as a source of comparison in 
spectrophotometric work and the fluctuations in the brightness of 
the arc are also very great. 

It is possible with an exceedingly sensitive radiometer to ex- 
plore the visible spectrum of an artificial source of light such as 
the acetylene flame up to about .45 {i and I have been in possession 
for some time of a collection of data for this source of light ob- 
tained from measurements by G. W. Stewart and by Mr. W. W. 
Coblentz. Given such a curve, one can compute the curves 
of distribution for all spectra which have been compared with the 
acetylene flame by means of the spectrophotometer ; but I have 
hitherto postponed these computations through a feeling of distrust 
in the accuracy of the corrections for slit width. 

Knut Angstrom,* in a recent paper, has published a curve of the 
distribution of intensities in the visible spectrum of the Hefner 
lamp. Angstrom's values were obtained by an indirect method 
based upon Wien*s equation 

lAngstrOm, Physical Review, Vol. XVII., p. 302; also Royal Society, Upsala 
3d series. Vol. XX., 1904. 
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In his measurements he avoids the difficulty arising from the very 
feeble intensities of the visible spectrum of this source of light by 
measuring the quantity 



«/o */o 



-«>, AT 



where Z;^ is the entire radiation lying between o and X, The con- 
stants Cj and Cj/ T were determined by a series of such measure- 
ments and the value of the intensity of each wave length of the 
spectrum was then computed. 

If we know the relative intensities of the spectra of the Hefner 
lamp and of the acetylene flame, and these are readily obtained by 
means of the spectrophotometer, the curve for the distribution of 
intensities of the acetylene flame may be deduced from Angstrom's 
values for the Hefner lamp. I have recently shown * that the curve 
thus obtained is essentially identical with that obtained by the 
direct exploration of the spectrum of the latter source, to which 
reference has already been made. 

The agreement of these results greatly strengthens our confi- 
dence in the validity of both and renders it desirable to compute 
the corresponding curves for the numerous sources of light of which 
we already possess spectrophotometric comparisons either with the 
Hefner lamp or with the acetylene flame. Materials for such com- 
putations are sufficiently abundant. We have, for example, the 
series of spectrophotometric comparisons of the Hefner flame with 
petroleum flames, gas flames, the light of the Welsbach mantel, 
the zircon light, daylight and sunlight made by Koettgen* and 
numerous similar comparisons of light sources with the acetylene 
flame, made from time to time in the Physical Laboratory of Cor- 
nell University. It is with the results of computations made upon 
such data that the present paper deals. 

Angstrom, in the paper already cited, determined by means of 
his compensated pyrheliometer the heat in calories per second 

I Nichols* Standards of Light, Proc. of International Elec. Congress of St. Louis, 
1904 

2Koettgcn, Wied. Ann., 53, p. 793. 
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received by a surface of i sq. cm. at meters distance from the Hefner 
flame. If the various curves for the distribution of energy in the 
visible spectrum of light sources are plotted to the same scale as 

Table I. 

Distribution of intensities in spectra of Hefner and C^H^flames, 





Hefner. 


Acetylene. 


Wave- 
lengths. 


Hefner. 


Acetylene. 


Wave. 


Intensities 
„ from 
Anjrstr6m*s . 
Curve. 


Intensity by 
Radiometer. 


Intensities 
„ from 
Angstrom's 
Curve. 




lengths. 


Intensity by 
Radiometer. 


.46 
.48 
.50 
.52 
.54 
.56 
.58 
.60 


0.22 ' 0.39 
0.47 ' 0.65 
0.82 0.88 
1.20 1.33 
1.65 I 1.80 
2.26 2.42 
3.30 3.08 
4.20 3.97 


.62 

.641 

.66 

.68 . 

.70 

.72 

.74 


5.40 
7.00 
8.60 
10.55 
12.60 
15.10 
17.80 


4.86 
5.88 
6.61 
8.10 
9.65 
11.40 
12.90 



Angstrom's curve for the Hefner flame, with ordinates so chosen as 
to represent in each case a source of unit intensity, the areas of 
these curves would give the 
luminous energy received from 
each source in unit time per 
square centimeter of surface 
when the illumination is one 
lux. It was shown many years 
ago by Crova that the inten- 
sity of the yellow of the spec- 
trum is proportional to the 
candle power of the source. 
This relation, which one would 
expect to find approximately 
true on account of the high 
luminosity of that portion of 
the spectrum, one can readily 
verify by means of the spec- 
trophotometer. I have accordingly reduced the various curves 
to be considered to this unit intensity by making the ordinate 
for wave-length .590 // equal in every case to that of Ang- 
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Strom's curve for the Hefner flame. Angstrom's curve and the 
corresponding curve for the acetylene flame, which are the reference 
curves for the reduction of the spectrometric data to be employed, 
are shown in Fig. i and the numerical data are given in Table I. 
Curve 2 in that figure is from direct determinations of the visible 
spectrum of the acetylene flame made with the radiometer, while 
the crosses (x) show the values for four wave-lengths computed 
from a spectrophotometric comparision of the acetylene and Hefner 
flames reduced by means of Angstrom's curve for the latter. 

Gas and Petroleum Flames. 
In spite of the fact that the ordinary gas flame is somewhat 
indefinite, as regards the character of its spectrum, owing to the 
variations in the character of the fuel consumed and the tempera- 
ture of combustion with different burners, it is of interest to deter- 
mine the general character of such flames since these have frequently 
been employed as sources for spectrophotometric comparisons. 
Koettgen in the article already referred to has measured the spec- 
trum of ten gas flames with reference to the Hefner lamp. The 
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distribution in the energy of three of these, described as the Triplex 
lampt Siemeris precision burner {No, i) and Sugg*s burner ^ have been 
computed by means of Angstrom's curve. The results are given 
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in Table II. together with the corresponding data for an ordinary 
*' bats-wing " burner the relation of which to the acetylene spectrum 
was known. The results are plotted in Fig. 2 in Which the cor- 
responding curve for acetylene is shown in broken line for purposes 
of comparison. The ordinates of these curves are all the same for 
wave-length .590;/ and are equal to that of Angstrom's curve for 
the Hefner flame. The curve for the triplex burner (i) is almost 
identical throughout with the curve for the Hefner lamp. The 
others lie between it and the acetylene curve. These curves, and 
the same is true of the other curves in the present paper, give the 
actual distribution of intensities in the visible spectra of the sources 
to which they pertain and their areas are proportional to the light- 
giving energy. The question of the energy of visible radiation 
from the various sources of light to be considered is discussed in a 
subsequent paragraph. 

Table II. 

Distribution of Intensities in the Spectra of Ordinary Gas Flames. 









ler Flame 1 

1 

Sugg's ! 
Burner. 


From Comp 
Acetylen 

Wave- 
lengths. 




Wave- 
Lengths. 


Prom Comp 
(K 

Triplex 
Burner. 


srisons with Heft 
loettgen's Data). 

Siemens 
No. X. 1 


arison with 
e Flame. 

Bat's Wing 
Burner. 


.45 A/ 


0.19 


0.22 


0.27 1 


.45^ 


0.11 


.49 


0.63 


0.70 


0.81 


.50 


. 0.52 


.51 


.98 


1.07 


1.17 


.55 


1.76 


•55 


1.92 


2.00 


2.07 1 


.60 


4.40 


.59 


3.50 


3.50 


3.50 


.65 


7.70 


.61 


4.80 


4.69 ' 


4.63 


.70 


12.70 


.65 


8.01 


7.34 


7.04 






.69 


12.48 


10.8 


10.0 ' 







Koettgen has also compared the flames of seven petroleum lamps 
with the Hefner flame. One of these, the flame of an ordinary 
lamp with a flat wick (curve S, Fig. 2) is of greater importance 
than the others since it is of a type that has been used in a number 
of spectrophotometric comparisons. Its spectrum corresponds 
very closely with the Hefner and with the triplex gas burner. 
Six of the seven lamps investigated by Koettgen would have inten- 
sity curves lying between those of the triplex burner and of the 
Siemen's precision burner, curve 3, Fig. 2. Only one of the entire 
set of petroleum flames given in Koettgen's table lies outside these 
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limits and this one, the flame from the lamp known as the Triumph 
patent (curve 6, Fig. 2) differs but slightly from the Siemen's gas 
burner in its distribution of intensities. Curves 5 and 6 may be 
taken as representing the extremes of variation in ordinary petroleum 
flames, the range of which appears to be much smaller than that of 
gas flames. 

Table III. 

Distributions of intensities in the spectra of petroleum flames^ from comparisons with 
the Hefner flame (Koettgen^s data). 



Wave-Lcngths. 


Flat Burner. 


Triumph Burner 


.45 


0.22 


0.23 


.49 


0.81 




.51 


0.99 


LU 


.55 


1.94 


2.03 


.59 


3.50 




.61 


4.76 


4.73 


.65 


7.42 


7.36 


.69 


1L50 


1L40 



Incandescent Carbon. 

The spectrophotometric data available for the computation of 
energy in the visible spectrum of incandescent carbon is contained 
chiefly in my articles on the visible radiation from carbon ' and in 
Blaker's' spectrophotometric comparisons of the light from the 
filament of incandescent lamps. The former of these investigations 
consisted in spectrophotometric comparisons of the light from 
untreated carbon rods at temperatures between 1273^ abs. and 
1673° abs., with that of an acetylene flame. The relative measure- 
ments of different wave-lengths have been reduced to absolute 
intensities by the use of the curve for the acetylene flame in Fig. i, 
and the results are given in Table IV. which shows the distribution 
of intensities for various parts of the spectrum in the case of a 
carbon rod heated successively to 1273*^, 1373°, 1473°, '573° 
and 1673^ of the absolute scale. 

These values for the three temperatures 1273°, ^573° ^^^ 1673° 
abs., reduced to a common ordinate in the yellow for comparison 

"Nichols, Physical Review, Vol. XIII., p. 65; Proc. of the American Academy 
of Arts and Sciences, Vol. XXXVII., p. 73. 

«Blakcr, Physical Review, Vol. XIII., p. 345. 
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Intensity of the spectrum of an untreated carbon rod at various temperatures 
of the absolute scale. 



Wave- 


1 


Inte 


nsities (Absolute). 




Lengths. 


1 ia73° 


1373° 


1473° 1573° 


1673° 


.45 


1 0.054 


0.121 


0.320 1 0.62 


4.32 


.50 


, 0.220 


0.642 


1.93 1 3.60 


19.5 


.55 


1 0.815 


2.99 


7.94 1 16.51 


63.7 


.60 


2.00 


9.01 


23.9 55.58 


168.7 


.65 


1 6.93 


28.0 


63.0 ' 141.1 


315.0 


.70 


' 21.2 


70.4 


162.1 289.5 


530.7 


.75 


' 52.1 


174.0 


352.0 578.1 


883.6 



with other sources, are given in Table V. They correspond, ap- 
proximately at least, to those which would be found for carbon rods 
having the temperatures in question but of such a size as to pos- 
sess in every case the same illuminating power as the Hefner lamp. 





Table 


V. 








Untreated Carbon,— 


Continued. 








\Vsve-Lrength8. 




itens 


ities (Reduced). 






1573°. ' 


1673°. 


.45 


_ I 




0.08 


0.16 


.50 


0.20 ; 




0.26 


0.44 


.55 


1 1.20 




1.40 


L58 


.60 


4.21 1 




4.08 1 


4.01 


.65 


13.9 1 




10.30 1 


7.56 


.70 


' 42.5 1 




2L1 1 


12.73 


.75 


104.0 1 


_„_ 


42.2 1 


21.20 



The reduced intensities for these three temperatures are likewise 
shown graphically in Fig. 3. The unreduced intensities are so 
great, especially in the red, that they cannot be represented upon 
the same scale with the other curves in a diagram of reasonable 
dimensions. The general trend of the curves and their close simi- 
larity in character to those obtained with gas and oil flames will be 
evident from the figure. 

Angstrom, in the paper already cited, gives a curve for the dis- 
tribution of intensities in the visible spectrum of an incandescent 
lamp the filament of which, measured by his method, had a temper- 
ature of 2(X)0° abs. This curve reduced to correspond at wave- 
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length .590// with the curve for the Hefner flame, is likewise given 
/or the sake of comparison in Fig. 3. 

In the course of my investigation of the visible radiation from 
carbon, just cited, observations were made on carbon rods previously- 
treated by flashing in an atmosphere containing hydrocarbon vapors. 
The surface of the rods was thus coated with a deposit of the well 
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known silvery gray form of carbon characteristic of the treated fila- 
ment of the incandescent lamp. Spectrophotometric measurements 
at temperatures from 1600° abs. upwards, showed the develop- 
ment of an interesting and unexpected deviation from the usual law 
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of radiation for carbon and this phenomenon was subsequently 
studied in much greater detail by Blaker.* As he likewise used 
the acetylene flame as a reference source in his measurements it is 
possible to reduce the spectrophotometric readings to absolute 
measure by means of the acetylene curve. The results, in form 
corresponding to that for untreated carbon in Fig. 3. are given 
graphically in Fig. 4. In these measurements, which were made 
upon the filament of an incandescent lamp, it was not possible to 
determine the temperatures directly by means of a thermo-junction 
as had been done in my investigation of untreated rods. The 
temperatures given are estimated by means of the relation between 
the resistance and temperature in such filaments as determined by 
Le Chatelier.^ While it is not likely that the scale of temperatures 
in Blaker's work is directly comparable with those for the untreated 




Fig. 5. 
carbons, or with the temperature of the incandescent lamp measured 
by Angstrom, it is at least instructive to compare the curves obtained. 
The curve for Blaker's lamp at 1671° abs. is accordingly plotted 

1 Blaker, /. c. 

«Lc Chatelier, Journal dc Physique, (3), Vol. I., p. 203. 
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on the same scale as the curve for the untreated carbon rod at 

1673° and the corresponding curve for Blaker's lamp at 2011° 

abs. with the incandescent lamp measured by Angstrom (see Fig. 

S); It will be seen that the curves are almost coincident as far as 

wave-length .65// beyond which the intensities for treated carbon 

fall off and the marked selective radiation of the latter begins to 

manifest itself. 

The Electric Arc. 

Although numerous spectrophotometric studies of the electric arc 

have been made, but few of these 
cover a sufficient range of wave- 
length to be available for the de- 
termination of the distribution of 
intensities throughout the visible 
spectrum. The three curves in 
Fig. 6 are from data (Table VI.) 
computed from measurements 
by Crova,* by W. S. Franklin 
and the present writer,*and from 
a comparison of the electric arc 
with the acetylene flame.* 

These curves show the type of 
radiation characteristic of incan- 
descent carbon at very high temperatures, but the idiosyncrades 

Table VI. 

Distribution of intensities in the spectrum of the arc light. 




Intenaitiea from Comparisons by 



Wave-lengths. 


Crova. 


N. AF. 


N. 


.45 


0.90 


0.67 


0.65 


.50 


L35 


L47 


L67 


.55 


2.38 


2.55 


2.59 


.60 


3.96 


3.86 


3.73 


.65 


5.66 


5.30 


4.87 


.70 


7.65 


7.03 


6.28 


.75 


9.60 


8.68 


7.55 



1 Crova, Comptes Rendus, 87, page 322. 

' Nichols and Franklin, American Journal of Science, Vol. 38, p. 100. 

» Nichols, Journal of Franklin Institute, Nov., 1900. 
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peculiar to treated carbon do not appear. The curve of distribu- 
tion for the arc lamp will necessarily vary with the diameter of the 
carbons, the length of the arc, the current density and the angle 
which the line of sight makes with the axis of the lamp. The curves 
here presented refer to measurements taken under conditions such 
that light from all portions of the incandescent carbon was received 
upon the slit of the spectroscope. If the light from the crater alone 
were isolated, and its spectrum explored, a curve of much higher 
temperature would be obtained and we should expect to find the 
maximum of intensities lying within the visible spectrum. I am 
unfortunately not in possession of data for the computation of such 
a curve. 

Incandescent Oxides. 

The sources of light of this class for which we have the neces- 
sary data, for the computation of the distribution of energy, are the 




Fig. 7. 

Welsbach mantel, the zircon light, the magnesium light and the 
lime light. The results are given in Table VII. and the correspond- 
ing curves in Fig. 7. 

It was shown some years ago * that the light from the lime cylin- 
der when first heated in the usual way by means of the oxyhydrogen 
flame differs greatly in character and intensity from that of the same 
cylinder after prolonged exposure to the action of the flame. These 

* Nichols & Franklin, 1. c. 
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Table VII, 

Dist*ihfti0m. of ImUmsitUs im tkt Spectra cf ImtmndeicnU Oxida^ 



(Koettcca'sDats). 


Nickote sad PfBBkfia. 


»emsbirRocef«. 




Wcte- Wctotech 

bik*fL.. rn.,. 
0.92 0.72 


ZircMi. 


.45 n 


New 

Line. 

2.16 


Old 

Line. 


Wave 
Lcactks. 




.47 A< 


0.71 


0.42 


.45* 


— 


.51 


1.91 L61 


L53 


.47 


2.16 


a72 


.48 


2.86 


.55 


2.71 2.49 


2.35 


.49 


2.25 


0.97 


.50 


2.67 


.59 


3.50 3.50 


3.50 


.52 


2.53 


1.58 


.54 


2.49 


.63 


4.33 4.68 


5.73 


.56 


2.73 


2.60 


.57 


3.U 


.65 


— — 


6.88 


.59 


3.50 


3.50 


.61 


3.74 


.67 


4.66 5.19 


8.35 


.61 


4.09 


4.09 


.64 


4.45 


.69 


4.75 5.04 


9.47 


.67 


7.19 


6.77 


.67 


4.98 


.72 


4.21 4.72 


— 


.75 


•12.6 


9.51 







sf>ectrophotometric measurements form the basis of cur\'es 2 and 3 
in Fig 7. Curve 2 represents the distribution of intensities of the 
freshly ignited lime. It differs from the various curves of incan- 
descent carbon in the great excess of energy of shorter wave- 
lengths. The ordinate at wave-length .45 fi for example is about 
nine times as great as that of the Hefner flame and about four 
times as great as that of the arc in the same region. In the course 
of ten minutes after ignition the brightness of these portions of the 
spectrum suffers decadence, rapidly at first and then more and 
more gradually, and the distribution of energy in the spectrum goes 
over into the form indicated in curve 3. During this interval of 
time, however, what may be termed the permanent incandescence 
of the lime increases by the gradual heating up of the cylinder and 
the curve approaches nearly in form that of incandescent carbon ; 
as may be seen by comparing curve 3 with the curves of the arc 
lamp. A detailed study of these changes has long since been 
described.' The curve of the Zircon light (i). Fig. 7; deduced 
from measurements by Koettgen, is identical with that for the old 
lime through the shorter wave-lengths of the spectrum but shows 
greater intensities in the red than either of the curves for the lime 
light. 

The curves for the Welsbach or Auer mantels are from spectro- 
photometric studies made by Koettgen.* These mantels had been 

1 Nichols & Crchore, Physical Review, Vol. II., p. 161. 
« Koettgen, 1. c. 
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in uninterrupted incandescence for twenty-four hours, after which 
time, according to observations of that investigator, they showed 
no further material change in spectral distribution. While these 
two mantels differed materially as to the quality of the light emit- 
ted, one being relatively stronger throughout the shorter wave- 
lengths and correspondingly the weaker in the red than the other, 
the type of the two curves is the same and they are altogether 
different from the other curves considered in this paper. The 
maximum intensity for the visible spectrum lies at wave-length .67// 
but whether this is the maximum for the entire spectrum or a 
secondary maximum due to the selective radiation of the material 
can be determined only by the exploration of the infra-red. 

The quantitative study of the spectrum of the magnesium light 
is difficult on account of the fluctuating character of the flame of 
magnesium even when burned in lamps with automatic feed. 
Spectrophotometric measurements of this spectrum ha^e however 
been made by W. H. Pickering * and by F. J. Rogers.' From their 
results, which are in good agreement, curve 4 in Fig. 7 has been 
computed. Magnesium oxide is the only incandescent solid, for 
which we have any data, the energy in the spectrum of which is 
greater in the violet than in the yellow and green. It would appear 
from the form of the curve that there is a maximum in the ultra 
violet ; a suspicion confirmed by the fact of the extraordinary 
actinic activity of this source of light. The type of the curve is 
similar to that for freshly ignited lime (curve 2), and it seems highly 
probable that if it were possible to make measurements upon lime 
at the instant of ignition, the curve would correspond still more 
closely to that of magnesia. It is possible to secure such measure- 
ments only in cases in which, as in the magnesium flame, the light 
is derived from the oxide at the instant of its formation by the com- 
bustion of the metal. 

Sunlight and Daylight. 
Numerous spectrophotometric measurements of direct sunlight 
of the light reflected from the sky and in various conditions of the 
atmosphere have been attempted. Of these the measurements of 

' Pickering, Am. Jour, of Science, 37, p. icx). 
'Rogers, Am. Jour, of Science, Vol. 43, p. 301. 
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direct s'jrwight bjr H. C. Vogcl,' W. H. PickcHng.' \V. S. Franklin 
and the present writer.* and b>' Kocttgcn * are in excellent agree- 
ment coTVildcrir.g the varjnng atmospheric concStic-ns. The deter- 
minations of Kocttgen, who compared sunlight wzxh the Hefner 

standard, ha\x been adopted as 
the basts of computations for 
cur\-e 2 in Fig. 8. His meas- 
urements extend through a 
greater range of wa\-e -lengths 
and the comparisons are made 
with a source of light about 
which we have more definite in- 
formation than is the case with 
the other av'ailable data. Meas- 
urements of daylight from amis 
clouds by the same writer have 
been selected for the same 
reason and the results of the 
computation are given in curve 
3 of that figure. Curve i is 
from the direct spectrobolomet- 
ric measurements of the sun's 
spectrum made by Langley.* 

These curves are drawn with 
greatly increased ordinates. 
Plotted to the same scale as in 
previous figures curves 2 and 3 would appear as shown by the dotted 
lines 4 and 5. 

It is noteworthy that curves i and 2 not only have the same 
maximum but are closely coincident excepting in the red. The 
divergence in that region is due to the selection of Langley *s 
smoothed curve which was drawn tangent to the crests of the 
maxima in that region and so does not show the effect of atmos- 
pheric absorption. 

' Vf>gcl, Berliner Monatsberichtc, 1 880, p. 801. 

■W. H. Pickering, Proc. Am. Acad, of Arts and Sicences, Vol. 15, 1880. 

•Nichols and Franklin, American Journal of Science, Vol. 38, p. 100. 

*KoeUgen, 1. c. 

* I^angley, Researches on Solar Heat, 1884, p. 139. 
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A Comparison of the Energies of Visible Radiation. 
The areas of the various curves of distribution of intensity, 
already described, taken between the red and violet limits of the 
spectrum, afford a measure of the total energy of luminous radia- 
tion from the sources of light to whose spectrum the curve applies. 

o 

Angstrom's value for the light energy of the Hefner standard flame is 



grm. cal 



20.6 X io~* 

sec. cm.* 

the square centimeter of surface being situated at a distance of one 
meter from the flame in a horizontal direction. Reducing this 
numerical quantity to ergs, a more convenient unit for this purpose, 
we find that a square centimeter of surface at a distance of one 
meter from the Hefner flame receives <?.j ergs per second of light- 
giving energy. Assuming that the various curves in this paper 

Table VHI. 

Temperatures and ergs per lux- centimeter-second. 



Source. 


Ergs. 


Temperature.' 


Source. 


Erg.. 


Temperature. 




29.0 


1273° 


abs. 




Hefner flame. 


8.68 


(1934° 
I 1830° 


abs 


P. 




23.1 


\yiv 


(( 








«« 


A, 


Carbon rod 


17.8 


1473'* 


«< 


thj. 


Petroleum 










(mitreated). 


14.2 
9.14 


1573** 
1673* 


<< 




flat flame. 


8.69 




















r Triplex. 


9.13 


1897° 


<< 


P. 


Lamp filament 


7.26 


2000° 


it 


A, 


Gas - 


Batswing. 


8.40 


2053° 


it 


thj. 


Angstrdm. 












Siemens. 
■Sugg. 


8.26 
7.70 










18.5 


1351° 


<t 








2173° 


i« 


thj, 
P. 


Lamp filament 


9.69 
7.38 


1528° 
1631* 


<< 
<< 




Acetylene. 


7.12 


2876° 


«< 


(treated). 


7.34 


1769° 


<( 


Ch, 


Zicron. 


7.17 








Blakcr. 


6.35 
6.42 


1921° 
2011° 


t< 




- {::t. 


5.89 
7.21 








( Nichols. 


5.92 








„, ,. , (!•) 


4.39 


f 2450° 
12073° 


(< 


P. 


Arc Crova. 


5.85 


14025° 


<( 


P. 


Welsbach. ,jj ^ 


4.50 


(< 


thj. 


I N. & F. 


5.79 


13690° 


<( 


W. & B.2 


Magnesium flame. 


5.53 


2258° 


«« 


thj. 












Sunlight. 


4.85 


5068° 


<« 


P. 












D 


aylight. 


5.53 









1 Temperatures marked thj. have been determined by the thermoj unction; A, by Ang- 
strdm*s method; Ch. by Le Chatelier*s formula; P. by Paschen*s equation. 
<Waidnerand Burgess, Physical Review, Vol. XIX., p. 241.' 
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represent sources all of which are of equal photometric intensity 
(namely, one Hefner) so that in every case the illumination is one 
lux, the ergs per second received upon a square centimeter of sur- 
face at meters distance from each of the various sources of light in 
question will be given by multiplying the ratio of the area of the 
corresponding curves to the area of the curve for the Hefner flame, 
by 8.63. It has been assumed, as already stated, that curves 
plotted with equal ordinates for wave-length .59// correspond to 
equal photometric intensities of the sources. The areas of the 
curves thus plotted have been measured with the planimeter, and 
the results computed as just indicated are given in table VHI. 

It will be seen from the table that the energy for unit illumination 
is by no means constant. In the case of sources of light whose 
radiation approximates to the law for a black body, that is to say for 
sources in which the incandescent substance is carbon, the energy per 
lux-centimeter diminishes with rising temperature ; being 29 ergs per 
second for the carbon rod at 1273° abs., 7.12 ergs at the tempera- 
ture of the acetylene flame, 5.92 to 5.79 ergs for the arc light and 
4.85 ergs for sunlight. 

Treated carbon, which has slightly selective radiation, shows 
decidedly smaller values than untreated carbon or than the carbon 
particles in flames. The metallic oxides, which are more strongly 
selective, furnish greater photometric intensity, per erg of luminous 
energy, than any of the sources in which carbon is the light-giving 
substance. Of these magnesium oxide, zirconium oxide and calcium 
oxide show very powerful selective radiation in the blue and violet, 
a region which is photometrically unimportant on account of the 
low luminosity of such waves. The selective radiation of the Wels- 
bach mantel lies in a region near the maximum of luminosity and 
this source of light accordingly gives a larger photometric intensity 
per erg than any of the sources examined ; namely, 4.39 ergs per 
lux-centimeter. The Welsbach mantel, however, owes its photo- 
metric superiority to a deficiency of red rays and to this deficiency 
the objectionable green color of this source of light is due. 

It is noteworthy that of the incandescent bodies whose radiation 
approximates to the law for black bodies, the sun affords a maximum 
of photometric intensity per unit of luminous energy and that the 
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maximum of the energy curve of the sun's spectrum coincides with 
the maximum of luminosity for the normal human eye. Daylight 
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Fig. 9. 

diffusely reflected from the sky, as in curve 3, Fig. 9, has a smaller 
photometric intensity per erg than direct sunlight. 

Relations between Temperature and Luminous Energy per 

Lux-centimeter. 
It is obvious that there should exist, at least for sources having 
a common law of radiation, as in the case of carbon, a definite rela- 
tion between the luminous energy per lux-centimeter and the tem- 
perature of the source of light. Estimates of the temperature of 
many of the sources already considered have been made by a variety 
of methods, but unfortunately the results are by no means consistent. 
If we take those sources for which the maximum of the energy curve 
has been determined and compute the absolute temperature from 
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Faschen's equadon i^^T^ 2,940, wc may plot a curve for which 
ordinatcs are ergs per lux-centimeter and abscissae arc temperatures 
(see curve 3, Fig. 9). Flame sources for which temperatures have 
been cfirectly determined by means of the thermocouple or by 
Angstrom's method will not (all upon this curve for the reason that 
absolute temperatures determined by means of Faschen's equation, 
using Lummer & Pringsheim's constant for a black body, are always 
much higher for such sources than those obtained by direct measure- 
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Fig. 10. 
ment. The Welsbach mantel, on account of its peculiar selective 
radiation falls far below this curve, and the same is true of the flame 
of the magnesium ribbon as computed from the relative temperature 
found by Rogers. 
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In the case of the Hefner lamp, the acetylene flame and the arc, 
two positions are indicated upon the diagram. The round dots 
falling upon curve 3 are ** X^^^ " temperatures, the crosses connected 
with these by a dotted line are respectively the temperature of the 
Hefner flame as determined by Angstrom, that of the acetylene 
flame from measurements with the thermojunction and the tem- 
perature of the arc according to Waidner and Burgess. It seems 
certain from this figure that if we had consistent measurements of 
temperature for a body such as carbon between 1200° abs. and 
the temperature of the arc, the curve would show a sharp inflection 
at about 1700°. There are definite indications of such a trend in 
curve 2 for treated carbons and although the measurements with 
the thermojunction for untreated carbon do not carry us past the 
point of inflection, the lamp filament measured by Angstrom at 
2000® abs. lies nearly upon a continuation of curve i. 

If instead of taking the ergs per lux-centimeter we plot the in- 
tensity of the spectrum of these sources of light at wave-length .7 // 
as a function of the temperature, the ordinates being in each case 
those which correspond to an illumination of one lux at meters dis- 
tance, we get the curve shown in Fig. 10, which has an inflection 
point at the same temperature. Magnesium oxide and the Wels- 
bach mantel, indicated respectively by the crosses ** Mg " and ** W," 
lie far below the curve for the carbon sources and it is evident that 
in optical pyrometry, where the variation of intensity of red light is 
used in the determination of the temperature of such a source, the 
"black temperature'* will be very much higher than the actual 
temperature of the glowing body. 

Physical Laboratory of Cornell University, 
December, 1904. 
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THE RANGE OF ADJUSTMENT FOR THE CONICAL 

PENDULUM. 



Bv Fredekick Slatr. 



w 

form, 



ITH the usual arrangement of a conical pendulum, the equa- 
tion of adjustment for steady motion can be put into the 



«>* sin y cos ;- (f^-^A^) = — mgy. 



(0 



Here 7- is the semi-angle of the cone described by the line joining 
the hinge {//) and the center of mass (C); co is the constant angu- 
lar speed about the vertical axis of rotation {HX) ; /^ and /^ are 
moments of inertia for the principal axes in 
the plane of the figure at the point H, HA 
being often in practice an axis of symmetry. 
The length HC is r, such that r^= x^+y^. 
When adjustment exists, weight and the force 
distributed from the hinge have for their re- 
sultant the system of normal forces, of the 
type dN^ — drnpni^. And equation (i) ex- 
presses directly, for the hinge-axis, the neces- 
sary equality of moments between resultant 
and components, since one component, in this 
case, can contribute nothing to the moment. 
Evidently sin 7*= o satisfies the equation for all possible values 
of w. Rejecting the factor corresponding to this solution, there 
remains in general a second solution, given by 




Fig. 1. 



cos;* = 



mgr 



^oVa-^bY 



(2) 



If the ratio in the second member equals unity, the two solutions 
agree. But so long as a}\Ij^ — /^) is numerically greater than mgr 
there is a second real value of ;'. This value is 7r/2, if r is zero ; 
otherwise, HC lies above or below HY, according to the relative 
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magnitudes of /^ and /j,. When r is not zero, and /^ = /^, y 
becomes imaginary, as an expression of the fact that every Hne 
through H\n the plane XV'xs then a principal axis, and all constrain- 
ing moment is then superfluous at any angle ;'. But there is a 
general failure to recognize and interpret the remaining imaginary 
values of y, which present themselves when i>i\Ij^ — /^) is finite, 
and numerically less than tngr. There may be an instinctive 
assumption that ;' and to are in continuous real relation, because 
^ = o, fo = o are corresponding values, while other real pairs are 
observable at finite angular speeds. But this instinct overlooks 
the truth that ;' = o, o> = o is a pair belonging to the solution 
sin ;* = o. What may interest us, therefore, is to examine the gap 
between the solutions, supposing the inertia constants of the body 
and the length HC given, the latter different from zero, and to 
increasing continuously from zero. 

The physical conditions are easily connected with the rectangle 
{xy\ which may be taken, as shown below, to represent, at any 
position, either the weight moment, or the aggregate moment of the 
distributed normal forces. In general, of course, the proportional 
factors for the two force moments thus represented by the same 
area will be differerent. Adjustment to steady motion, then, corre- 
sponds to equality of the proportional factors ; and the imaginary 
values of;' that are here in question will fall within the range where 
this equality becomes impossible. Let us proceed to determine 
those factors. For weight moment in any position, the factor {a) is 
given by the relation 

mg / \ 

axy^^mgy\ ^ = - -^ . (3> 

For the normal forces, with the factor (^), the necessary relation is 

bxy = - inyco^ - x^\ * = - mco^ -^ ; (4) 

since, for the assumed symmetry, the resultant of the normal forces 
must be a force wyco^, inward (/. e., parallel to F//), at a distance 
from 1/ here denoted by x^. Now, from 

— my 10^ ' -Tj = co^ sin y cos^ 
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we obtain, by simple reduction, 

-5-^-^ ^-%V.-'.\ (5) 

Therefore, while the one factor (a) begins at the value w^/r 
(for y = o). and increases toward infinity as x decreases from r 
toward zero, the other factor {if) begins at zero (ai = o), and 
increases toward infinity with increasing angular speed. No adjust- 
ment is possible until the numerical value of the second factor has 
overtaken that of the first. Corresponding to the condition a^^ b^ 
we find 



whence 

ttffrr 

(6) 



.^=. "'^ 



' cos r {Ib - h) 

c 

And, for the critical minimum value of the angular speed, 



«,(min.) = ±^^^- (7) 



For values of lo less than this critical value, we have ^ < tf, at the 
smallest value oi a, and the weight moment is in excess of the re- 
quisite constraint ; HC drops back to HX from any angle of diver- 
gence, however small. 

When the rotating body has equal moments of inertia for CA 
and for a parallel to HB at C, equation (6) assumes tlie simplified 
form, 

a>* = - ^— . (8) 

r cos ;- ^ 

In connection with this, it is furthermore easily seen that the impos- 
sible values here discussed would necessitate a vertical component 
of the hinge-force less in magnitude than the weight to be sup- 
ported ; or, otherwise expressed, a perpendicular {HD) in the force- 
triangle {HDC), longer than the hypotenuse {HC). 
University of California. 
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THE EVOLUTION OF NITROGEN FROM THE 

CATHODE AND ITS ABSORPTION BY 

THE ANODE IN GASES. 

By Clarence A. Skinner. 

RESULTS of experiments have been published recently in the 
Physical Review,^ showing the rate of evolution of hydro- 
gen from the various metals when used as cathodes in helium, and 
also its rate of absorption by the anode when the gas filling is 
hydrogen. It was found that a fresh cathode gives off hydrogen 
at the same rate as a water voltameter conceived to be placed in 
series with the discharge tube, that is the rate of evolution follows 
Faraday's law for electrolytes. This held with pressures of helium 
varying from I to 3 mm. ; with currents varying from i to 3 mil- 
liamperes ; and finally with current densities varied from one to six 
times the normal value for the cathode, and with which also was 
associated a change in cathode fall of about one hundred volts. 
Then assuming that the evolution in hydrogen was the same as in 
helium results were given showing that with the hydrogen filling 
the anode absorbs gas also at a rate following Faraday's law. 
After the current has passed for a time the rate at both cathode 
and anode falls below Faraday's law. This is to be expected. 

It appeared remarkable that the gas given off by the various 
cathodes was in all cases hydrogen. Only occasionally was the 
presence of nitrogen also noted. It is important to know, however, 
if other gases possess in this respect the same properties as hydro- 
gen. The present paper is a report of the experiments showing 
that nitrogen plays the same part in carbon electrodes that hy- 
drogen plays in the metals. In addition, observations are given 
showing that a metal as anode also takes up nitrogen. 

First will be given a description of some experiments which led 
up to the investigation of nitrogen, as the results are of importance 
in that they reveal the source from which the metals obtain their 

> Clarence A. Skinner, July, 1905. 
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^'J^-y of gas, and further that a metal cann-X be freed endreiy of 
Hjvjtbcd gas by use as cathode. 

The object of these experiments was to obtain a metal free of 
absorbed gas. Tatic, wh;ch has rather a low boiling point, was dis- 
tilled in glass combustion t gibing in an atmosphere maintained by 
continuous pumping at about .2 mm. pressure. After distillation 
it was removed, worked into the required form by a dean cutting- 
tool, then mounted with a similar electrode of ordinary' rinc in the 
electrode tube. This tube was thereupon e\'acuated and allowed to 
stand in connection with a dr>nng chamber over night. Tested as 
cathode the next day in helium the distilled zinc was found to give 
off hydrogen at the same rate as the one that had not been dis- 
tilled. It had e\'idently gained a supply from the necessary- exposure 
to the atmosphere, as it would hardly be expected to hold hydro- 
gen at the temperature and gas pressure at which it bad been dis- 
tilled, Thinkmg therefore that it must be largely a surface occlu- 
sion the electric current was maintained from it as cathode with the 
hope that soon all gas might be driven off". An interrupted run 
extending over ten days proved this to be a fruitless undertaking. 
The evolution of gas decreased to an almost inappreciable quan- 
tity, but a spectroscopic observation of the cathode revealed, to 
the last, hydrogen and nitrogen lines which were clearly marked 
though less brilliant than those of the helium. The nitrogen 
radiation was almost wholly absent during the first run of about an 
hour, but with successive tests gradually grew brighter, remaining 
finally but little changed in intensity after the hydrogen radiation 
had diminished perceptibly. The gas filling during these runs was 
repeatedly purified by a Na,K cathode discharge. This proved 
after a time ineffective, so the old Na,K discharge tube was replaced 
by a fresh one. This change necessitated the admission of air for 
a short time to the electrode tube. Then having been left evacuated 
over night a test the next day showed that the zinc had regained 
a new supply of gas which differed in no perceptible way from the 
first. These experiments prove therefore that a discharge from 
the metal as cathode will not wholly free it of absorbed gases, 
and that the metal obtains a supply by exposure to the atmos- 
phere, of which it is very likely that moisture is a necessary part 
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The persistent presence of nitrogen in the distilled zinc, though 
the quantity given off was small, suggested the possibility of 
obtaining quantitative results with this gas if carbon, which absorbs 
it in large quantities, be used as cathode. 

Experiments with Carbon Cathodes in Helium. 

A detailed description of the apparatus used is given in- the paper 
to which reference has already been made. Briefly, it consists of 
an electrode tube in which can be mounted several electrodes in 
form of circular disks inlaid in glass. These may be used one after 
the other without opening to the atmosphere. The gas used as 
filling is admitted through a stop cock and its pressure measured 
by a MacLeod gauge. 

Three carbon disks (15 mm. in diam.) cut from hard arc -carbon 
were mounted in the electrode tube and this was evacuated and left 
over night connected with a drying chamber. The next day the 
slight amount of gas \yhich had been given off was pumped out 
and helium admitted to a pressure of about three and a half milli- 
meters. With an aluminium disk serving as anode and one of the 
carbon disks as cathode, a current of 2 ma. was passed through 
the helium. A spectroscopic observation of the cathode revealed 
a gradually brightening nitrogen radiation in addition to that of 
helium. A trace of hydrogen was also observed. The increase in 
gas pressure with the time the current had been flowing was noted. 
The results are represented by curve i in Fig. i. If with a helium 
filling there is no absorption by the anode the quantity of nitrogen 
given off under the discharge may be calculated from the pressure 
increase and the volume occupied by the gas, 465 c.c. For making 
a comparison the direction of the line F represents in the figure 
the rate of increase in pressure required by Faraday's law. 

After the above observations, extending over fifteen minutes, 
were made, the electrode tube was evacuated and fresh helium 
admitted. A similar test of the second carbon disk, in helium at 
3.1 mm. pressure, gave the results represented by curve 2 ; while 
from the third disk (gas pressure 3.2 mm.) curve 3 was obtained. 

During the first three minutes these different curves diverge widely 
but over the rest of their extent all three are very nearly parallel 
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to each other, and also, between three and five minutes, they 
approach closely to the direction of F. Beyond the five-minute 
point their inclination gradually drops below that of F. It is prob- 
able that during the first three minutes, owing to the increase in 
temperature of the cathode surface, uncharged gas is also freed from 
the cathode, the quantity depending on its concentration in the 
carbon. The fact that all three curves run parallel to each other 
beyond this point, and at this point are also parallel to /% indicates 
that the liberated gas carries as negatively charged atoms all of the 
current between cathode and helium for the first five minutes of 
discharge. 

As observed with metals, carbon also recovers a supply of gpis 
by diffusion from within. Immediately following the series of ob- 
servations just described the electrode tube was evacuated, then 
after a six hour's rest, the first carbon tested again. The results 
were identical with those obtained in the first series from the second 
carbon. They are represented by crosses on curve 2. 

Experiments with Carbon Electrodes in Nitrogen. 
Experiments with metals having shown that in a hydrogen-filling 
the metal as anode absorbs hydrogen according to Faraday's law, 
similar experiments with carbon in a nitrogen-filling were performed. 




Two carbon disks of equal discharge area were used as electrodes 
and a current of 2 ma. was passed through nitrogen (1.8 mm.). 
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The change in gas pressure with time of flow for two separate ex- 
periments is represented by curves i and 2 in Fig. 2. No trace of 
hydrogen could be detected in either case. The gas pressure rose 
for a time differently in the two experiments, but reached a maxi- 




Fig. 2. 

mum value for both at the same time (three minutes). It then 
decreased at the same rate in both up to the end of the fifteen-minute 
run. These results appear nearly related to those obtained in helium. 




Fig. 3. 

Separate experiments give here as there divergent results for the 
first three minutes but after that time they agree closely. 

If now a carbon anode does not absorb helium, and a carbon 
cathode gives off gas at the same rate in nitrogen as in helium, the 
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effect of the carbon anode in nitrogen is what causes the difference 
in form between the curves of Fig. i and those of Fig. 2. In Fig. 
3 curve A is the mean of those in Fig. i, and curve B the mean 
of those in Fig. 2. B therefore represents the combined effect of 
carbon electrodes in nitrogen, while A is assumed to represent that 
of the cathode alone. Now if yi be subtracted from B the resultant 
curve C shows the absorption of gas by the anode. This curve lies 
unexpectedly close to the direction of the Faraday law line F over 
the whole range. Its absolute value however is too great owing 
to the wide divergence in results from the separate experiments 
for the first three minutes of current. The close agreement ex- 
hibited by these after that time makes the results however reliable. 
For seven minutes at least we conclude that the carbon anode takes 
up all nitrogen atoms discharging to it. The concentration then 
reaches such a magnitude that uncharged gas is given off by it at a 
gradually increasing rate. 

Experiment with a Carbon Cathode and an Aluminium 
Anode in Nitrogen. 

Since nitrogen is contained to only a very slight extent in metals 
it is of interest to know if they take it up when used as anode in 
it. An experiment was performed with two points in view. The 
first was to decrease if possible anode absorption in nitrogen in 
order to prove that a carbon cathode evolves gas at the same rate 




10 15 

- MINUTES 

Fig. 4. 

in nitrogen as in helium. The second was to test if the metal as 
anode does take up nitrogen. 

With a carbon disk as cathode and an aluminium anode of less 
than one twentieth its area a current of 2 ma. was passed through 
nitrogen (1.9 mm.) and pressure measurements made as before. 



Digitized 




No. 3.] EVOLUTION OF NITROGEN. I 75 

The results are represented by the curve in Fig. 4. The aluminium 
surface during this run turned to a dusty brown color as if there 
were chemical union taking place between metal and gas instead of 
a physical absorption. The gas pressure increased more rapidly 
than when either of the carbon anodes were used. A maximum 
value was reached at seven minutes after starting, instead of three ; 
then a slight decrease in pressure, less rapid than with carbon took 
place. A comparison of this curve with those of Figs, i and 2 
indicates that as anode absorption in nitrogen decreases, the pressure 
curve in nitrogen approaches toward that obtained in helium — this 
supporting the assumption already made that the amount of gas 
given off by the cathode is the same in nitrogen as in helium. 

General Discussion. 

Present Experiments, — The results of these experiments with 
carbon electrodes in helium and nitrogen support in a very satis- 
factory manner the conclusions suggested by the experiments with 
metal electrodes in helium and hydrogen, so more general conclu- 
sions may in turn be suggested. 

With a gas-filling which is chemically neutral and is not absorbed 
by the substance composing the electrodes, the electric current 
between cathode and gas-filling is carried by negatively charged 
atonls of gas which are already to be found in solution in the cath- 
ode. These negative atoms give up their charge to the gas-filling 
by neutralizing positive ions of the gas-filling. If the cathode pos- 
sesses a sufficient supply of absorbed gas this neutralization takes 
place outside the cathode indicated by the fact that the gas pressure 
increases at a rate demanded by Faraday's law. If, however, the 
absorbed gas falls below a definite concentration it does not go out 
of the cathode at a rate sufficient to carry the whole current, but 
this is probably made up by the positive ions of the gas-filling pen- 
etrating the cathode and discharging to the absorbed gas inside, just 
as in the other case, they discharge to it outside the cathode. If 
these penetrating ions be chemically and physically neutral they will 
diffuse back uncharged into the gas-filling. This view explains the 
fact that evolution of gas from the cathode falls after a time below 
Faraday's law. If the gas-filling be one which remains in absorption 
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in the cathode the penetrating positive ions may, after discharging 
to the absorbed gas, play in their turn the part of the absorbed gas 
in transmitting the current, and results, so far as pressure change is 
concerned, become more complicated. 

At the anode absorbed gases are conceived to play a minor part. 
Just as it appears impossible for a positively charged gas ion to dis- 
charge directly to the cathode, so it is considered impossible for 
absorbed gas atoms in the anode to carry off from it positive elec- 
tricity. This could only take place by atoms (or particles) of the 
anode itself, or at least by some absorbed substance, which in elec- 
trical union with the substance composing the anode, is positively 
charged, while the metal atoms are negatively charged. We con- 
ceive therefore that, in the main, the current between anode and gas 
is carried by negative ions of the gas-filling discharging directly to 
the anode. If these be atoms of a neutral gas (r. g., helium) they 
diffuse back without charge into the gas-filling. If they are atoms 
which form a physical or chemical union with the anode substance 
they will stick to the anode until such a concentration is reached 
that they are given off again uncharged. This explains the fact that 
the anode does not affect the gas pressure when helium is used as a 
filling, but in hydrogen and nitrogen absorption takes place there at 
a rate determined by Faraday's law. 

The basic principles on which these explanations rest may be 
summed up as follows : 

\ii) With the existence of chemical aflSnit>' or the tendency to form 
a physical solution, the charging and discharging of a gas atom 
takes place with one kind of electricity but not with the other {e, g,^ 
hydrogen and nitrogen will receive firom a metal and give up to it a 
negative charge, but neither recei\'e nor give to it directly a positive 
charge), 

{b) With the absence of both chemical affinit>' and a tendency to 
form a ph>*sical solution negatively charged gas atoms readily dis- 
charge to a metal but those positively charged do not 

(^r^ Without the existence of chemical aflfinitj- gas atoms carrying 
charges of opposite sign transmit a current by mutual discharge, 
separating there.il\er uncharged. 

If» therefore* a gas be found which, when absorbed by a conductor. 
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becomes positively charged, the conductor negative, we should 
expect to find cathode and anode phenomena (including electrode 
fall) interchanged. 

Electrode Fall, — An explanation of the great difference in the fall 
of potential at cathode and anode may be suggested here. The 
negative gas ion simply discharges to the anode, either being 
absorbed by it or falling away uncharged. At the cathode either 
the negatively charged gas must be driven out of it or the posi- 
tive ions driven into it (to meet the absorbed negative atoms) at 
a rate sufficient to carry the current. In addition, therefore, to 
the energy-change by simple absorption or combination at the 
anode there is at the cathode that absorbed in forcing the charged 
gas atoms to diffuse through the metal. This appears to be caused 
by the positive gas ions, under the electric forces bombarding 
the cathode surface and thereby maintaining a molecular agitation 
equivalent to that produced by heat. The cathode fall should 
therefore increase : {a) with the resistance to diffusion through the 
cathode ; (^) with depletion of absorbed gas in the cathode ; (r) 
with the energy required to maintain the dissociation of the gas- 
filling so that bombarding atoms be furnished. (This latter would 
therefore increase with the rate of recombination of the dissociated 
gas.) The energy of absorption of gas by the cathode would also 
play a part so long as its concentration in the cathode is changing. 

The anode fall in nitrogen has been found to increase with use. 
Copper is a marked example.* This probably arises from the in- 
crease in concentration of absorbed gas, for use as cathode has been 
observed to cause the anode fall to return to its original value. 
Further, Warburg* found that if a steel cathode possesses an oxi- 
dized surface the cathode fall is thereby greatly reduced so long as 
the oxide remains. In such a case the current is probably carried 
by negatively charged oxygen emanating from the surface instead 
of by gas atoms diffusing out of (or into) the body of the metal. 
The resistance to diffusion would thereby be greatly decreased. 
If however the heat of combination of oxygen with steel be greater 
than that of absorption of hydrogen this latter would tend to neutra- 

"C. A. Skinner, Wied. Ann., 68, p. 752. 
«E. Warburg, Wied. Ann., 31, p. 545. 
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lize the effect of decreased resistance to diffusion. It is likely, from 
comparison with the anode fall, that resistance to diffusion in the 
metal plays generally a much greater part in determining the cathode 
fall than does energy of absorption (or combination). 

This view of the cause of the electrode fall requires that the cath- 
ode fall should disappear when the cathode is raised to a tempera- 
ture that will drive the absorbed gas out of the cathode at a rate 
sufficient to carry the current. Cunningham has shown that the 
cathode fall of carbon in rarefied gases decreases as its temperature 
rises.^ Wilson * has found that hot platinum fails to give of nega- 
tive electricity when freed of absorbed hydrogen. It is probable 
therefore that the negative leak from incandescent carbon would 
disappear if the carbon were completely freed from absorbed gases. 
Conduction in flames is also greatly facilitated by heating the cath- 
ode. Stark and Cassuto have shown that in order to maintain an 
electric arc the cathode must be at a high temperature while the 
temperature of the anode is of no effect.^ It is also known that in 
the ordinary arc the cathode fall is very small while the anode fall 
is of the same magnitude as with the glow discharge through rare- 
fied gases. While however the principles enunciated above will 
apply to the electric arc it is probable that much of the current 
between the electrodes is carried by the substance composing them. 
Stark concludes from experiments on the mercury arc that the mer- 
cury vapor emanating from both electrodes carries the current — 
that from the anode carrying positive, that from the cathode nega- 
tive electricity. 

Plwtoelectric Currents, — The same reasoning followed above in 
regard to the effect of cathode temperature applies to the effects of 
light and other radiations on conduction through gases when these 
radiations fall on the electrodes. The absorbed gas may be freed 
from both electrodes but only that leaving the cathode can act as 
carrier of the current. The gas absorbed in the anode cannot re- 
ceive from it a positive charge therefore must leave either charged 
negatively or uncharged, but since the anode is positively charged 
the negative ions of the gas would be held by it and hence only 

ij. A. Cunningham, Phil. Mag., Febraary, 1905. 
«H. A. Wilson, Phil. Trans., 202, p. 243, 1903. 
'N. Cimento, June, 1904. 
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uncharged atoms escape. On the other hand at the cathode the 
negative ions after being freed would be driven forth by the electric 
forces. We have thus the radiation affecting conduction when it 
falls upon the cathode but not upon the anode. 

Conduction of Gases in Vicinity of Metals — It is possible that this 
may arise at least in part from absorbed gas atoms emanating from 
the metal. It is known that a sodium-potassium alloy discharges 
conductors placed in its neighborhood. Now the writer has ob- 
served that even after distillation in vacuo pure hydrogen is con- 
tinuously given off by this alloy. A series of observations extend- 
ing over more than ten days, with two different samples of it, showed 
that from about seven square centimeters of surface, i to .2c.c. of 
hydrogen (at atmospheric pressure) is liberated per day when the 
gas pressure is kept very low. There seemed to be no reduction in 
quantity liberated as time passed but a variation in daily tempera- 
ture appeared to cause a change in the quantity given off. Neither 
sample had a clean metallic surface ; both had become tarnished by 
oxygen and nitrogen. 

Contact Potential, — The writer has recently published ^ experi- 
mental results showing that a close relationship exists between the 
series of metals arranged according to the magnitude of their elec- 
trode fall in gases and the contact potential series. This is especi- 
ally marked in case of the cathode fall in hydrogen. The two series 
are practically identical. It is therefore probable that an explana- 
tion of the one will also furnish the principles upon which the other 
is explicable. 

We have concluded that in gases positively charged ions will not 
discharge directly to a conductor while the negative ions give up 
their charge readily and with it are generally absorbed. If there- 
fore two metals be placed in an ionized gas together, the positive 
ions will remain in the gas while the negative are absorbed at a 
certain rate by the metals. The metal which absorbs these most 
rapidly becomes negatively charged with respect to the other. 
This difference in charge increases until the difference of potential 
between them produces a sufficient electromotive force to cause 
absorption in both to take place at the same rate. After that there 

> Phil. Mag., September, 1904. 
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is no further change in potential difference of the two metals. For 
example, aluminium which becomes, in contact with platinum, 
negatively charged, is supposed to absorb the negative ions in the 
gas- filling more rapidly than platinum. This agrees with the results 
in rarefied gases ; for, tested as cathode in gases aluminium is found 
to give up hydrogen more freely than platinum does and also as a 
consequence of this possesses a lower cathode fall. 
Physical Laboratory, University of Nebraska, Lincoln. 
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THE RESIDUAL ELECTROMOTIVE FORCE OF THE 
CARBON ARC* 

By G. G. Beckkell. 

JN the course of some recent experiments on unipolar conductivity 
between metallic plates, it was suggested to me by Professor 
Crew that I examine the somewhat similar case afforded by the 
intensely heated region between the electrodes of a carbon arc imme- 
diately after its interruption. 

The circuit was so arranged that the dynamo and galvanometer 
could, by means of a double-pole double-throw switch, be alter- 
nately joined in series with the arc-gap. (See Fig. i.) 

It was found at once that a cur- 
rent, which we may call the resid- 
ual current, could be observed for 
more than ten seconds after the in- 
terruption of the arc; and it was 
seen, upon replacing the galvano- 
meter by a Weston voltmeter, that 
the residual electromotive force was 
counter to that of the dynamo, and 
reached a maximum value of more 
than half a volt. 

In order to show something of 
the qualitative nature of the phe- 
nomenon, the following simple ex- 
periments were tried : 

I. A plate of either copper or 
mica, i. ^., a plate of material either 
conducting or non-conducting, when 

interposed between the electrodes without touching either of them, 
was sufficient to arrest the residual current entirely ; but upon the 
removal of the plate the current was immediately reestablished. 

1 A paper read before the American Physical Society, April 21, 1905. 




Digitized by 



Google 



1 82 G. G. BECKNELL. [Vol. XXI. 

This experiment with the copper plate shows that the residual 
effect can hardly be due to thermo-electric contact (whatever that 
may mean) between the heated carbon tips and the heated gases of 
the arc, for in such a case the interposition of a copper plate across 
the arc-gap would tend to increase the current through the galva- 
nometer, and certainly not to destroy it. 

2. A short copper wire joining the positive and negative elec- 
trode was sufBcient to stop entirely the residual current through the 
gcUvanmnetcr, showing that the effect cannot be traced to a thermo- 
electric source existing outside the arc, for in this event the current 
would have been much increased by thus cutting out the resistance 
of the arc-gap. We may fairly conclude then, perhaps, that the 
residual current is due neither to a thermoelectric effect in the arc 
nor to one external to it. 

3. As a further test a gentle air-blast was applied to the region 
between the carbons at the instant when the galvanometer was 
thrown into the circuit. This again had the effect of removing 
nearly all traces of the residual current as long as the air current 
was continued, unless the poles were placed as nearly together as 
one millimeter, and even then the effect was reduced to one tenth. 
The failure at this point to completely destroy the effect was prob- 
ably due to the partial inaccessibility of this small region to 
the current of air. It was found also that when the air-blast 
was discontinued the residual current was set up again, provided 
the blast had not been applied for a time longer than four or five 
seconds. 

4. It was observed also that if the galvanometer was thrown off 
and the dynamo thrown on to the arc-gap for a few seconds, thus pro- 
ducing an electric field, but no arc, between the electrodes, a 
smaller residual current was reestablished in the same direction as 
before, that is, counter to that of the dynamo. This effect could 
be detected if tried within a minute or two after the interruption of 
the arc. 

It would seem from these experiments — the interposition of the 
mica sheet, and of the readily conducting copper, as well as * the 
effects of the air-blast, and the renewal of the electric field, that we 
have here not a case of ordinary electric conduction^ but probably 
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one of electric convection. This view is strengthened by the fact 
that the alternating arc gives a very small residual effect. 

In attributing this current to convection it is not meant to imply 
that this is an explanation of the phenomenon. On the contrary 
the ionic explanation of it, which I shall offer at the close of this 
article is not entirely .satisfactory, or at least is not complete. 

Now passing to the quantitative side of this phenomenon, I pro- 
ceeded as follows to measure the residual electromotive force and 
current as functions of the time. 

A rotating switch of special design was employed to automati- 
cally break the dynamo circuit at any desired instant, then after a 
definite and measurable interval which might be varied at will, to 
throw the galvanometer into circuit with the cooling arc-gap for a 
definite fixed period which also might be varied if desired. 

This rotating switch consists essentially of two similar vulcanite 
discs fitting face to face, each graduated in degrees, and capable of 
being set in any desired phase with relation to one another. Both 
are clamped to a shaft by means of a lock-nut, and the device is 
kept in uniform rotation with a period of ten seconds by means of 
a constant-speed motor. On the outer face of each of the disks is 
inlaid a silver strip of particular design, each strip passing under its 
own metallic brush. 

One of these strips, coming into contact with its corresponding 
brush closes the circuit of an electro- magnet which acts upon a 
wooden rocker-arm, and thus through mercury cups connects the 
arc with the dynamo for a definite interval. 

As soon as the first silver strip passes off its brush the circuit of 
the electro-magnet is broken, the rocker-arm is released and drawn 
away by a spring cutting out the dynamo circuit at EC and FD, in 
Fig. I, and closing the mercury cups AC and BD ; so that as soon 
as the second strip passes under its corresponding brush, the gal- 
vanometer circuit is closed at GK at the proper time and during 
the proper interval. 

At the very outset it was observed that the length of time the 
arc is allowed to burn before measuring the residual electromotive 
force is a very important factor. A steady state seemed to be 
reached in about one minute, a^nd all my observations have been 
made after waiting this length of time. 
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The arc was used in the vertical position, in which it was found 
to behave in a much more uniform manner than in the horizontal 
position. 

It was found, furthermore, that the magnitude of the residual 
current is somewhat dependent upon the quality of carbons used. 
For example, graphite terminals were observed to produce a very 
small residual effect ; however this may have been due to the 
unsteadiness of the arc. 

If results are to be uniform, and the effect to be as great as possi- 
ble, it is absolutely necessary that the arc be centered, and that it 
should not be running about the electrodes. 

Filing the carbons to a definite shape adds further to the con- 
stancy of results, for in this case the arc potential difference, arc 
current, and pole distance can all be held constant throughout the 
experiment. 

In order to determine the residual electromotive force and current 
as functions of the time, null methods were employed. The measure- 
ment of the electromotive force was effected by means of a Wolff" 
potentiometer, thus balancing the average value of the varying elec- 
tromotive force during one tenth of a second, against another con- 
stant and known electromotive force applied for the same length of 
time. 

In a similar way the varying current was balanced against a known 
constant current, by the use of a differential galvanometer. 

The curves shown in Figs. 2 and 3 were thus determined, cored 
carbons having a diameter of 1.6 cm. being employed. These car- 
bons were purchased from the Western Electric Co. of Chicago. 
The impressed electromotive force was 1 1 o volts, the potential dif- 
ference of the arc 35 volts, the arc current 16 amperes, and the 
pole distance 4 mm. Both curves rise rapidly within the first 
quarter of a second, the electromotive force reaching a value of 
nearly 0.65 volt, and the current a value of 0.5 5 mil-ampere through 
a circuit containing 1,000 ohms in addition to the arc resistance. 
The descent of the current is much more precipitate than that of 
the electromotive force, showing that the resistance of the arc 
increases very rapidly. 

A very interesting thing is noticed in the behavior of the differ- 
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ential galvanometer when a point upon the rising portion of the 
curve is being studied. In this case the instrument first gives a 
twitch in favor of the battery, then immediately after one in the 
direction due to the arc, thus indicating a rapid rise at the point 
under consideration. On the falling side of the curve the deflections 
occur in the reverse order. 

The interesting study of the counter electromotive force of the 
arc which has already been presented to the American Physical 
Society by Mr. Hotchkiss,* as well as that of Blondel,^ is confined 
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Fig. 2. 

entirely to what happens during the first hundredth of a second 
after the interruption of the arc. If there have been any other 
measurements of the quantities here presented, I should be glad to 
get a reference to them. 

Thus far nothing has been said concerning the resistance of the 
cooling arc ; but if the relation between the residual electromotive 
force, current, and resistance should be that expressed in Ohm*s 
law, it would be an easy matter to construct a resistance — time 

1 Hotchkiss, Bull. Amer. Phys. Soc., Vol. 2, No. 2, 1901. 

'Blondel, London Electrician, Vol. 39, p. 615; Comptes rendus. Vol. 125, p. 164. 
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curve in which the ordinates would be the ratios of the correspond- 
ing ordinates of the electromotive force and current curves (Figs. 
2 and 3). When such a curve is constructed it is found that the 
resistance at the end of the first hundredth of a second after the 
break is about 800 ohms, then gradually increases reaching a value 
of 1,000 ohms in less than 0.2 of a second. 

After this the curve rises rapidly, becoming asymptotic to a line 
parallel to the axis of ordinates. However, upon examining the 
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first part of this curve, remembering that the current was measured 
with a resistance of 1,000 ohms in the circuit in addition to the 
resistance of the arc, we find that the resistance of the arc itself 
during the first tenth of a second would be negative upon the as- 
sumption that Ohm*s law expresses the relation between these 
quantities. We are thus forced to the conclusion that Ohm*s law 
does not hold for the residual current. 

Note Added April 25. 

It is possible that an explanation of this phenomenon, in terms 
of the ionic hypothesis, may be built upon the following facts : 
first, the carbons of the electric arc are incandescent, and the tem- 
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perature of the positive terminal is nearly 1000° C. higher than 
that of the negative terminal ; secondly, incandescent carbon is 
especially efficient in the emission of negative corpuscles, as illus- 
trated in the well-known Edison effect, th*e rate of production in- 
creasing with the degree of incandescence. Then as long as the 
arc is in operation, the negative ions (eniitted in far greater numbers 
from the incandescent tip of the positive carbon then from that of 
the negative carbon) are borne not across the arc-gap, but against 
the electric field back into the positive terminal from which they pro- 
ceeded. But when the arc is interrupted the conditions are changed. 
There is no longer an impressed electric field to hold back the 

Mofion e/^Ccirpuscks 
</a0 to 




5500 I + II |i — ) e7oo 

Moftcp p^Corpuscki 
ef(j^ to 




Fig. 4. 

s*tream of corpuscles. They are freely emitted from both incandes- 
cent terminals (yet more abundantly from the positive) and diffuse 
across the arc -gap, this state of affairs continuing until the carbons 
have so far cooled down that the rate of production of the negative 
ions by the positive carbon is no longer in excess of the rate of 
their production by the negative carbon. (See Fig. 4.) 

With this understanding of the matter it is easy to see why the 
arc requires a considerable time to reach a state of equilibrium ; for 
this steady state would depend upon a constant difference of tem- 
perature between the electrodes, and this could only exist when 
each terminal had reached its maximum temperature and was so 
maintained. 

The fact that graphite terminals give a small residual effect may 
be due to the fact that graphite is a fairly good conductor of heat 
(as ordinary carbon is not) and would thus tend to equalize the 
temperatures of the electrodes much more readily than ordinary 
carbons. 

As to the maximum which occurs in the curves of both the 
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electromotive force and current (Figs. 2 and 3), it possibly may be 

due to the very appreciable time required for these ions to traverse 

the arc-gap ; and if this is the case, the time at which the maximum 

occurs after the interruption of the arc may prove a useful factor 

in the determination of the ionic velocities. 

Northwestern University, 
EvANSTON, Illinois. 
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SOME PHYSICAL PROPERTIES OF CURRENT-BEAR 
ING MATTER. — III. BOILING POINT. 

By Paul R. Heyi.. 

THIS article contains a description of some experiments on the effect 
of a current on the boiling point of mercury and of two electro- 
lytes, copper sulphate solution and dilute acetic acid. The results are 
all negative. The boiling point of mercury is not altered by 0.04° by a 
current density of over 100 amperes per square centimeter, and the electro- 
lytes showed no change as great as 0.001° for current densities of 0.05 
with the copper sulphate and o.ooi with the acetic acid. 

Mercury. 

The general plan of the experiments on mercury was to boil the sub- 
stance in two vessels, in one of which a current could be turned on at 
will, and to measure the difference of temperatures by a differential 
thermocouple. To form the latter a piece of platinum wire about thirty 
centimeters long was soldered at its ends, by means of zinc, to long 
pieces of copper wire. Zinc was chosen as the solder because its melt- 
ing point is above the boiling point of mercury. The two junctions 
were protected by pieces of drawn out glass tubing and immersed in the 
vessels of boiling mercury, while the ends of the copper wires were con- 
nected to a galvanometer with a key in the circuit. The thermoelectric 
power of a copper- platinum junction at the temperature of boiling 
mercury is about ten microvolts per degree, according to Tait's diagram, 
and the galvanometer (of the Rowland wall pattern) gave a deflection of 
half a scale division per microvolt, consequently each scale division 
represented a difference of temperature of one fifth of a degree. 

The only difficulty in the carrying out of this plan was to bring about 
the introduction of a rather heavy current into the boiling mercury with- 
out the formation of an arc. This was finally done by introducing the 
current into portions of the mercury which never rose to the boiling 
point. Fig. I shows the arrangement of the apparatus. A glass T'-tube 
about one centimeter in diameter had one arm drawn out and connected 
by rubber tubing to a small glass funnel. The horizontal arm of the 
T'-tube was closed by a small cork through which passed an iron wire C 
and a small glass tube D, Mercury was poured into the funnel until it 
half filled the horizontal arm and an iron wire B was inserted into the 



Digitized by 



Google 



190 



PAUL R. IJEYL, 



[Vol. XXI. 



Cu,P» 



mercury in the funnel. By the wires B and C connections were made 
through a switch, a rheostat and an ammeter to a dynamo. In the 
vertical arm of the T'-tube was placed one of the copper-platinum junc- 
tions in its protecting tube, the end reaching down into the narrow part 
A, The joint at E was open. The mercury was boiled at A by apply- 
ing a very small Bunsen flame, the vapor of mercury being drawn off 
through the tube D by an aspirator, air entering freely at E to prevent 
reduction of pressure. In addition, the tube D was made to fit loosely 
in its cork that air might enter there also if necessary. The cross section 

of the mercury at A was about 
o. I square centimeter, which of 
course was somewhat reduced by 
bubbles on boiling. The cur- 
rent was ID amperes, making a 
current density of over 100 am- 
peres per square centimeter at 
the point where the boiling took 
place. Higher than this one 
could not go without danger of 
forming an arc at A, 

The second copper-platinum 
junction dipped into boiling 
mercury in a vessel which pre- 
sented no features of interest. 
As in Fig. i mercury vapor was 
removed by an aspirator and a 
constant level was maintained 
by a funnel-shaped reservoir. 




Fig. 1. 



The mercury in both vessels being brought to boiling (with no current 
flowing) the galvanometer circuit was closed. It proved impossible to 
keep the instrument at zero, the reading varying slowly and irregularly 
several scale divisions on either side of the zero point. However, there 
were times when the reading remained stationary at or very near the 
zero point for several seconds, and by taking advantage of these periods 
it was possible to make a number of conclusive tests, throwing the cur- 
rent on, maintaining it for several seconds, and interrupting it without 
altering the reading. A change of one fifth of a scale division would 
have been easy to recognize, and this would have meant a change in the 
boiling point of 0.04°. 

Electrolytes. 

On account of the relatively high resistance of electrolytes one must 
be content with lower values of the current density and make up for this 
by more delicate measurements of change of temperature. 
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The first solution used was copper sulphate, of density 1.12. It is 
impossible to. boil this in glass without some slight bumping, but in 
copper vessels it boils freely and steadily, and the boiling point may be 
taken by a Beckmann thermometer to 0.001°. 

The first plan was to use a copper beaker as one electrode, dipping 
another electrode of copper rod into the center of the solution. The 
thermometer was dipped into the solution half way between the central 
electrode and the wall of the beaker. On applying to the boiling liquid 
a current whose average density was one fifth of an ampere per square 
centimeter there was a decided change in the reading of the thermometer 
which seemed to depend on the direction of the current. When the 
current was passed so that copper (and hydrogen) appeared at the inner 
surface of the beaker the thermometer rose at once, sometimes by as 
much as two or three tenths of a degree. With the current reversed the 
effect was usually a much smaller rise, sometimes preceded and some- 
times followed by a slight fall. Bearing in mind the effect produced on 
the boiling point of a liquid by the nature of the surface of the contain- 
ing vessel it seemed possible that the rapid deposition or removal of 
copper at the surface from which the steam bubbles took their rise might 
have been causing the irregular effect noticed. This suspicion was in- 
tensified when the thermometer showed no change as great as 0.001° on 
applying an alternating current of a frequency of 
1,800 per minute and a density of 0.07 to the boil- 
ing solution. 

Five different forms of apparatus were devised in 
the hope of eliminating the supposed effect of the 
changing surface before it was discovered that the 
trouble was due to something entirely different, 
namely the torrent of gas bubbles that arose from 
the electrodes. The electrodes, surrounded by a 
sheath of gas, were undoubtedly warmer than the 
solution, as in the water pail electric forge, and the 
bubbles, coming off in torrents, did not cool off 
completely before striking the bulb of the ther- 
mometer. 

In Fig. 2 is shown a form of apparatus which can be used both to 
demonstrate the source of trouble and to eliminate its effects. The con- 
taining vessel is of copper varnished within with shellac. The Beckmann 
thermometer dips into the center of the liquid, and the current enters and 
leaves by two heavy copper rods, surrounded by wide glass tubes open 
at both ends. To reenforce the insulation of the copper beaker its walls 
were protected by sheets of mica, held in place between the walls of the 
beaker and the wide glass tubes. All the gas generated passes up the 
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glas chimoejs vithoot striking the thcTmoTDCter, and it is possible to 
throv GO and oflf the current in the boiling liquid vitboat altering the 
reading of the thermometer br 0.001**. Of coarse there were times 
when the reading fluctuated slightlj when there was no current flowing, 
and the boiling pwint rose very slowly in the long run on account of the 
increasing concentration of the solution. As in the experiments with 
mercury, advanuge had to be taken of those times when the thermometer 
was q'jJescent. 

To test still farther the correctness of this diagnosis of the trouble a 
thermometer was inserted in one of the wide glass tubes. On applying 
a current to the boiling b'qaid this thermometer rose promptly about 
three quarters of a degree and fell again when the current was stopped , 
while the Beckmann thermometer outside was unaffected. In addition 
the wide glass tubes were removed and the Beckmann thermometer 
raised to the level of the electrodes. On turning on the current the 
thermometer rose at once. 

The current density employed in these experiments was about 0.05 
ampere per square centimeter in the neighborhood of the thermometer 
bulb. 

Experiments were also made on a five per cent, solution of acetic acid, 
using carbon electrodes with a form of apparatus otherwise the same as 
that shown in Fig. 2. On account of the high resistance of this solu- 
tion the greatest current density that could be attained was o.ooi 
ampere per square centimeter, and no change as great as o.ooi^ could 
be detected in the boiling point. 
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ON THE VARIATION OF A CAPACITY WITH 
TEMPERATURE. 

By Earle M. Terry. 

^^HE measurements of small changes of capacity due to changes 
of temperature has been made possible by the use of the 
alternating current galvanometer. The following is a brief descrip- 
tion of a modification of the instrument first used by Stroud and 
Gates.* 

It is essentially of the D'Arsonval type, except that the field is 
built up of laminations of soft iron, and wound so as to be used 
directly on the iiovolt, 60-cycle, A. C. circuit. In the particular 
instrument used the laminations are circular disks about 30 cm. in 
diameter, and built up so as to have a cross-section about 4 cm. 
square. An opening about 1.5 cm. wide was made to admit the 
coil, the pale faces being tapered down to about i cm. in width. 

The coil is made of no. 40 double insulated wire wound on a 
wooden form, and has a resistance of approximately 350 ohms, and 
coefficient of self-induction of 50 millihenries. 

The great difficulty in manipulating the instrument is due to the 
fact that a closed coil suspended in an alternating magnetic field 
takes up a position of great stability, such that its axis is at right 
angles to the field, or so that the coil itself will include a minimum 
number of lines of force. 

Since in any use of the instrument the coil must necessarily be 
closed through a greater or a less resistance, this stability reduces 
the sensibility enormously. Stroud and Oates overcame this diffi- 
culty by winding the coil upon a broad copper frame, in which the 
foucault currents induced in the sides acted like a closed coil placed 
at right angles to the galvanometer coil. This effect was made to 
predominate so that the coil, when on open circuit, took up a posi- 
tion so as to include a maximum number of lines of force, and was 
then brought back to zero by shunting with a suitable resistance. 
»Phil. Mag., Dec, 1903. 
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The chief objcctioii to this method oc control is that it necessarily 
limits the range for which the instrumerit is seT:sfd\^e, For if the 
external drcjit ir.cluies capacity, the leading current produced by 
this in the coil will have the sarr^e rf*ect as the torque on the »des 
of the frame, necessnanng so srmll a shunt resistance as to greatly 
reduce the sensfD.I.tj', as well as cause an ann3\-:ng dnft in the 
zero. 

This action can probably be best explained by reference to a 
vector diagram. Fig. i. 

If OA represents the flux in the field, then the \-ector OB would 
represent the current indiiced by it in the gal\-anometer coil, pro- 
ending it had no ind-ctance, but simply 

5— S -^ resistance. There would then be no 

force acting upon the coil, for the pro- 
duct of two vectors at right angles is 
zero. Since, however, the coil possesses 
pj- J inductance, the current lags behind OB 

and may be represented by a vector 
such as OC. The component OD of this vector being i8o° behind 
OA gives the repulsion produdng the objectionable stabilit>\ 

If a capacity be placed across the coil sufficient to swing OC 
ahead until it has the direction OB, then the conditions of maxi- 
mum sensibility is reached. If, however, the capacity' be still 
further increased, so that the current has a component in the direc- 
tion OA, then there will be an attraction and the coil wll swing 
around so as to include a maximum number of lines of force. 

The author has made use of this fact as a method of control and 
the manipulation of the instrument then becomes ver>' simple. It 
is connected up the same as an ordinary' galvanometer, except that 
no key should be placed in the galvanometer circuit, as the position 
of the coil depends upon the external circuit. If the set up con- 
tains both inductance and capacity, these will serve as part of the 
control, it being only necessary to shunt across the galvanometer 
coil with sufficient conductivity or capacity, as the case may be, to 
bring the galvanometer to a suitable zero point and sensibility. 

One of the first uses to which the instrument was put in the 
laboratory at Madison was the measurement of an inductance by 
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Anderson's modification of Maxwell's method. Since the set up 
here contains both inductance and capacity, it was found that the 
capacity could be adjusted so as to make the galvanometer suffi- 
ciently sensitive and no control whatever was needed. 

As it was necessary to first obtain a steady current balance, a 
double throw switch was placed in both the galvanometer field and 
the battery circuits, so that when rocked one way the instrument 
could be used to obtain the direct current balance, and when rocked 
the other way, to obtain the balance for the variable state. 

In a set of five determinations made in this way, keeping the 
capacity constant and varying the resistances, the outstanding dif- 
ference was 2 parts in 20,000 or .01 per cent. The precision of 




Fig. 2. 

setting, however, was much closer than this, but the resistances 
could not be depended upon to a closer degree of accuracy. 

It was found that no such agreement in results could be obtained 
on different days, which lead to the suspicion that the capacity must 
have an appreciable temperature coefficient. 

In order to determine this, the bridge method for comparing 
capacities was used. The apparatus was arranged as shown in Fig. 
2. The two capacities were subdivided condensers manufactured 
by Elliott Bros., having a range from .05 to i microfarad. The 
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one labelled C^ was but recently purchased and was used as the 
standard, while C^ has been in use for several years, and is the one 
lor which the temperature coefficient was determined. 

Both capacities were placed in tin boxes immersed in large water 
baths. Cj was held at a constant temperature, while C^ was varied 
between 17° C. and 33° C. The water in tank no. 2 was kept con- 
stantly stirred by two turbines driven by a water motor, while the 
temperature could be held at any point by means of a thermostat 
to .1° C. for any desired length of time. Owing to the large 
thermal capacity of the condenser it usually took about 48 hours 
for it to come to a uniform temperature throughout. This condi- 
tion could of course be detected from the constancy of the capacity. 

The resistances were new boxes manufactured by Otto Wolff, 
and could be relied upon to .01 per cent. In order to obtain a 
sufficiently fine adjustment a small portion of one of the boxes 
was shunted by a variable resistance, always large. 

All connections were made of no. 1 2 heavily insulated copper 
wire. 

An alternating pressure of 220 volts was applied to the bridge, 
while the galvanometer field was excited by 1 10 volts from half the 
secondary of the same transformer. Inasmuch as the capacity 
across the galvonometer coil was comparatively large the conductiv- 
ity in the bridge being always small, it was found necessary in all 
cases to shunt across the galvanometer with a resistance r. 

The following table gives an idea of the precision with which 
two capacities may be compared by this method. 



^1 


R. ' 


c» 


.19571 . 
.19571 
.19571 ; 


1,927.9 
1,918.0 
1,908.3 


1,970 
1,960 
1,950 


-. ~ 


C-. 


1,957.1 
1,947.3 
1,937.5 


2,000 
1,990 1 
1,980 


.2 
.2 
.2 


.2 
.2 
.2 


.19572 
.19571 
.19572 



It will be noticed that the outstanding difference is about i part 
in 20,000 or .005 per cent., while for any particular setting, a change 
of I part in 100,000 could be easily detected. 

The temperature coefficient of each subdivision of the capacity 
referred to was determined. The data for those parts showing the 
extreme variation is given in the table below. 
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Condenser. 



D 



Temp. 


R^ 1 


16 


1,947.4 1 


24 


1,945.5 1 


29.2 


1,944.3 1 


33.3 


1,943.1 


16 


1,999.6 


24 


1,998.2 


29.2 


1,994.7 


33.3 


1,991.6 



/?. 


C| 


.04868 


Temp. Coeff. 


2,000 


.05 




2,000 


.05 


.04863 




2,000 


.05 


.04861 




2,000 


.05 


.04857 


-.00011 


1,982 


.2 


.20180 




1,986 


.2 


.20123 




1,986 


.2 


.20088 




1,986 


.2 


.20061 


-.00033 



The temperature coefficients for the other parts of the capacity 
are between these values and are as follows : Capacity A, — .0001 8 ; 
C, — .OCM328 ; E, — .00013. 

For convenience in plotting, all of the curves have been placed 
upon the same sheet. The ordinates at the left refer to curve A, 
For curves B and C, subtract .2815 and .2870. The ordinates at 
the right are for curve D, For curve E, add .0001 5 to these values. 
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Fig. 3. 

It will be noticed that all of the points lie reasonably close upon 
straight lines, with the exception of curve E, This condenser 
showed some leak, and it was impossible to obtain a perfect balance. 
The separate parts of the condenser taken as a standard were tested 
later and found to give values of the same order of magnitude. 

In conclusion it would seem that a condenser has a temperature 
coefficient depending in value upon the construction, that it is neg- 
ative, and of sufficient magnitude to require consideration when used 
in measurements of high precision. 

Physical Laboratory, University of Wisconsin, 
April 20, 1905. 
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NEW BOOKS. 

Dynamics of Particles and of Rigid y Elastic, and Fluid Bodies. By 

A. G. Webster. Leipzig, B. G. Teubner, 1904. Pp. xii + 588. 

As one reads the title page of this recent work on dynamics, one has a 
feeling of regret that no American publisher should have had the honor 
of producing it, and at the same time, one of pleasure that the work of 
an American professor should appear in this distinguished series of books 
being published by the house of Teubner. Before saying anything in 
review of the book, it may not be out of place to express here the pleasure 
it is to have a book with such clear type, excellent paper and binding. 
The whole mechanical execution of the work is excellent. 

As Professor Webster notes in his preface, most books on dynamics 
treat the subject in a purely mathematical standpoint and the subdivisions 
are made accordingly. Within recent years, however, it has been recog- 
nized that the science belongs primarily to physics and that no student 
in the latter science can properly understand it unless he has a firm 
foundation in dynamics, so that ** the aim of this book is to give in com- 
pact form a treatment of so much of this fundamental science of dynamics 
as should be familiar to every serious student of physics." The standard 
treatises on dynamics and the allied subjects of elasticity and hydro- 
dynamics are so extended in their treatment that it is practically impos- 
sible for any physical student, whose main purpose in life is experimental 
research, to read them, except in part. With this thought in mind 
Professor Webster has prepared the book under review and has included 
in it what, in his opinion, constitutes the essential features of the subject 
and has added whatever sections were necessary in order to prepare the 
student to read other books more advanced or more detailed. 

** The work divides itself naturally into three parts, the first of which 
considers the laws of motion in general and those methods which are 
applicable to systems of all sorts.'* The separate chapters of this part 
include " Kinematics of a Point,*' ** Laws of Motion,*' " General Prin- 
ciples (such as that of Virtual Work)," " Work and Energy," ** Principle 
of Least Action," ** LaG range's Equations," ** Oscillations and Cyclic 
Motions." 

The second part is devoted to the ** Dynamics of Rigid Bodies," and 
is divided into two chapters, one dealing with ** Systems of Vectors, 
Moments of Inertia, Centrifugal Forces, etc." ; the other, with the 
** Dynamics of Rotating Bodies." 
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** The third part divides itself from the other two from the fact that in 
it the differential equations are partial, and in the others they are ordi- 
nary.'* As a preparation for this subject there is a full discussion of the 
theory of the potential function, which introduces the most important 
mathematical theorems and prepares for the subsequent chapters. Next 
follows the '* Dynamics of Stress and Strain,** the "Statics of Fluids,*' 
the ** Problem of de St. Venant on the Flexion and Torsion of Prisms,*' 
and '* Hydrodynamics." In this last chapter there are but 62 pages but 
there is a most satisfactory treatment of both irrotational and vortex 
motion, of wave motion, and of viscous fluids. At the end of the book 
there are five notes dealing with mathematical difficulties which have 
arisen in various chapters. 

From this brief outline one may form an idea as to the scope of the 
work, but it may be of interest to call attention to certain features which 
distinguish it from any other book on the subject. Professor Webster 
has succeeded most admirably in preserving the perfection of analytical 
treatment called for in the development of the various theorems, and at 
the same time, he has presented in a most interesting manner the physi- 
cal interpretation of the various formulae. He has described, for example, 
some interesting modifications of Maxwell's dynamical top, and has 
called attention to certain practical illustrations of important theorems, 
such as are afforded by naval torpedoes, crushing mills, etc. Whenever 
in the course of a problem a formula appears which has a practical appli- 
cation, attention is called to this fact. In short, as a textbook of mathe- 
matical physics, in which both sciences claim an equal share, this book 
of Professor Webster's is by far the most interesting that is known to the 
writer of this review. What gives additional charm to the present 
treatise is the introduction into the text of personal notes dealing with 
the history of various theorems and experiments. In fact, the book as a 
whole, quite apart from the most important considerations, forms most 
delightful reading, owing to the charm of the language, the arrangement 
of the matter, the selection of illustrations and the thoroughly practical 
tendency of the treatment. 

It is natural that different people should view dynamics from slightly^ 
different points of view, and should have their preference for certain 
modes of treatment. It seems to the reviewer that in places Professor 
Webster has sacrificed clearness of physical ideas for the sake of mathe- 
matical exactness. For instance, in speaking of Foucault's pendulum 
and gyroscope, sufficient emphasis is not placed upon the physical inter- 
pretation of the equations ; and, in fact, most of the phenomena could 
have been deduced from most elementary considerations. A more ele- 
mentary discussion of flexure and torsion might well have been added. 
The proofs of the important mathematical theorems such as those of 
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Stokes, Gauss, etc., are all given in a satisfactory manner, although, 
personally, in some cases the reviewer prefers others. In all cases, how- 
ever, the illustrations chosen arc most admirable. 

From time to time in reading the book one meets certain sections 
which from one cause or another are not perfectly satisfactory, and to 
which it may be only fair to call attention. For instance, in discussing 
small oscillations a most ingenious method is adopted for the determi- 
nation of the nature of the roots of I^grange's determinant. The proof 
as given certainly requires amplification by the discussion of the reality 
of the variables at the very beginning of the argument. In this same 
connection, when the final solution for the oscillations is given, the 
phases of the partial vibrations are all made equal without any statement 
as to the reason for it, other than one that if the solutions be substituted 
in the differential equations they will be satisfied. (This same somewhat 
summary mode of treatment is given also in Rayleigh's Theory of Sound. ) 
Again, in the discussion of zonal harmonics and in an illustration of 
their application to the attraction of a homogeneous body symmetrical 
about an axis of revolution, a solution "of the problem is written which 
certainly is a solution. It would seem to be necessary for the comple- 
tion of the argument to prove that it is the only solution. In fact, how- 
ever, in no book on mathematical physics known to the reviewer is there 
any attention called to the necessity for this addition to the proof of this 
or similar formulae, and it may, therefore, be that the need of such an 
addition is simply a prejudice of his. In the treatment of stress and 
strain the value of the ratio of expansion due to the strain is given in its 
usual determinate form, but is deduced simply for the case of a pure 
strain, whereas, the same formula is used in the following pages for other 
strains which are not pure. A more general proof of the expansion for- 
mula might have been given equally as well. 

In deducing the formula for the work done in producing strains it would 
be better to emphasize particularly the fact that the formula deduced is for 
a change in an existing strain. Again, in writing the formulae for a sim- 
ple shear as an illustration of equilibrium on page 461, it would have 
been better to have followed the same definition as on page 440 and thus 
to have avoided confusion. 

These points of criticism are of minor importance obviously, for the 
general plan of the book is so good, the omissions are so few, the mathe- 
matical treatment is so clear and elegant, the physical illustrations are so 
well chosen, that this treatise is by far the best suited of all books known 
to the reviewer to be placed in the hands of physical students either in 
universities or in the higher grades of technical schools. 

J. S. Ames. 
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The Becquerel Rays and the Properties of Radiuw. By Hon. R. J. 
Strutt. 8vo, pp. vii + 214. London, Edward Arnold, 1904. 

Radioactivity: An Elementary Treatise from the Standpoint of the 
Disintegration Theory, By Fredk. Soddy. 8vo, pp. xi+214. 
London, The Electrician Publishing Co., 1904. 

Radioactivity, By E. Rutherford. 8vo, pp. ix + 399. Cam- 
bridge, The University Press, 1904. 

Untersuchungen fiber die Radioactiven Substanzen, By Mme. S. 
Curie. Translated into German by W. Kaufmann. Svo, pp. viii + 
132. Braunschweig, Vieweg und Sohn, 1904. 

Das Radium: Seine Darstellung und seine Eigenschaften. By 
Jaques Danne. Svo, pp. 84. Leipzig, Veit & Co., 1904. 

When we remember the almost unprecedented popular interest that 
has been aroused by the discoveries in the field of radioactivity it is a 
pleasant surprise to note how few sensational books have appeared on the 
subject. It is true that a few pamphlets of an objectionable character, and 
numerous newspaper articles, have been published. But the books on 
radioactivity are almost without exception of permanent scientific value. 
The scientific public also is to be congratulated on the fact that the authors 
of these books are usually themselves workers in this most interesting and 
difficult field, who speak of what they know at first hand, and to whose 
investigations the rapid development of the subject is in large part due. 

None of the books here considered can be said to give a "popular** 
account of radioactivity, if by this is meant a treatment that would be 
intelligible to one with no knowledge of physics. In fact an account of 
this subject intended for one entirely ignorant of physics would have to 
be too superficial to be of much value. But for one who already has 
some knowledge of fundamental laws and principles and who wishes some- 
thing more than can be obtained in the popular magazines, the admirable 
book of Strutt on ** The Becquerel Rays and the Properties of Radium '* 
will be found in the highest degree interesting and instructive. 

Starting out with a chapter on the electric discharge in high vacua, — 
introduced in order to familiarize the reader with the cathode rays, the 
canal rays, and related matters, — the author develops the subject of 
radioactivity in a manner which is at the same time historical and 
logical. The book is written in an interesting and pleasing style. It is 
entirely free from mathematical methods, but rigorous and sound ; writ- 
ten in a conservative spirit quite free from any suggestion of sensational- 
ism, while at the same time doing full justice to the remarkable and 
intensely interesting features of the subject. Appendixes describe several 
simple experiments for illustrating the properties of radioactive sub- 
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stances ; the theory of the deflection experiments with the ^-rays ; and a 
brief account of the methods of extracting radium from pitchblende. In 
its clearness and soundness as well as in its interesting style Mr. Strutt*s 
book recalls the writing of Tyndal. It may be strongly recommended 
not only to the general readers for whom the author seems to have 
intended it, but also to scientific workers who have not found time to 
follow the extensive and somewhat confusing literature of radioactivity 
and now feel the need of a book that shall present the main facts, and 
their bearing upon scientific theories, with clearness and reasonable 
brevity. The fact that Mr. Strutt's book is the most recent of those here 
considered is also of some importance. 

Those who wish to obtain a somewhat more detailed knowledge of the 
methods and results of the study of radioactivity, yet without making 
an extended study of the subject, will turn to Soddy's ** Elementary 
Treatise on Radioactivity from the standpoint of the Disintegration 
Theory," the material of which first appeared as a series of articles 
in the London Electrician beginning in October 1903, and has since 
been suitably revised and expanded. The book is clearly written and 
has doubtless proven very generally useful. It has the disadvantage, 
in some accounts perhaps the advantage, of occupying an intermediate 
position among the books here considered ; it contains so much that is 
beyond the experience of the general reader, that it cannot well serve as 
a popular account of the subject ; while for those who wish to make a 
somewhat serious study of radioactivity the treatment is not sufficient in 
detail. The discussion of the significance of the various phenomena of 
radioactivity in their bearing upon physical theories is both interesting 
and suggestive. Especially is this true in the case of the last chapter — 
** Anticipations." The author's temerity in introducing a chapter of 
this kind is in part justified by recent developments, for in several in- 
stances the views advanced have been either wholly or in part confirmed. 

It need hardly be said that the standard treatise on radioactivity is that 
of Rutherford ; and it will doubtless remain so as long as the work is fre- 
quently revised so as to keep up with the rapid development of the subject. 
There are some perhaps, who would prefer to have a treatise of this kind 
so written as to be independent of any particular theory of the phe- 
nomena considered. But when we recall the prominent part taken by 
Rutherford in the development of the disintegration theory of radioac- 
tivity, we can scarcely expect a treatment of the subject in which this 
theory remains in the background; for, since the first and) almost pro- 
phetic suggestion of Elster and Geitel, no one has done so much as he to 
develop the theory and to bring about its almost universal acceptance. 
Scarcely an example occurs to me of a theory that has been so altogether 
useful as this. It has not only been of immense assistance in guiding 
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investigation, having led to the discovery of phenomena and laws which 
would otherwise have remained unsuspected, but its aid in the statement 
of phenomena has become almost indispensable. A writer who should 
attempt to give an account of the complicated phenomena of radio- 
activity now known, without the assistance of the concrete pictures 
furnished by the disintegration theory, would find that he had on his 
hands a very difficult undertaking. The author says in this connection : 
'*The phenomena exhibited by the radio-active bodies are extremely 
complicated, and some form of theory is essential in order to connect in 
an intelligible manner the mass of experimental facts that have now been 
accumulated. 1 have found the theory that the atoms of the radio-active 
bodies are undergoing spontaneous disintegration, extremely serviceable 
not only in correlating the known phenomena, but also in suggesting 
new lines of research. The interpretation of the results has, to a large 
extent been based on the disintegration theory, and the logical deduc- 
tions to be drawn from the application of the theory to radio-active phe- 
nomena have also been considered." Professor Rutherford's treatise will 
be consulted by those who seek a thorough and detailed account of 
methods and results in the field of radioactivity; by those who wish to 
find references to original articles in this field, for the citations to the 
literature of the subject are wellnigh complete ; by those wishing an 
authoritative account of the development and present status of the dis- 
integration theory ; in fact by every one who has need of a treatise on 
radioactivity, rather than a popular or semi-popular account. Special 
reference should be made to the very useful chapters on the ** Ionization 
Theory of Gases '* and " Methods of Measurement.'* Strange to say no 
other book with which I am acquainted contains a really usable account 
of the experimental methods used in the study of radioactivity. 

The three books thus far considered, while differing widely in other 
respects, have one feature in common : the phenomena are interpreted 
in each case from ihe standpoint of the disintegration theory. All 
three books represent the British school of radioactivity, if we may use 
the term. In the earlier books by Madame Curie and by Danne we have 
the French school represented. Madame Curie's book will always have 
a peculiar interest of its own, which will persist even after the subject has 
progressed to such an extent that the value of the book is chiefly histor- 
ical. That time, however, has not yet come. Madame Curie's account 
of the work that led to the discovery of radium, and of the properties of 
radioactive substances, will still be found not only interesting but in- 
structive. The experimental results are stated, usually in a brief style, 
without any attempt at interpretation and without preference for any 
theory. The disintegration theory has been of immense value in the 
study of radioactivity, and doubtless represents the nearest approach to 
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the truth that has yet been reached. Nevertheless to consider the phe- 
nomena at times simply as phenomena and not in the light of any theory, 
is very useful, and will help to prevent one from falling into a rut. It 
is interesting also to see the subject in the different perspective which 
results from taking the French rather than the British viewpoint. 

The little book by Danne, entitled ** Radium, its Preparation and 
Properties,** goes into the chemical side of radio-activity, especially in 
the case of the extraction of radium from its ores, more fully than any 
other book with which I am familiar. The discussion of the physical 
properties of radium, however, although clearly presented, is much 
briefer and less complete than that contained in the books already 
mentioned. 

The minor part played by the chemical side of radioactivity in the 
books here considered is significant and calls attention to an unfortunate 
condition of affairs, which, unless it is remedied, will seriously retard 
further progress in this most important field. The study of radioactivity 
thus far has been almost wholly from the physical side, and in the great 
majority of cases has been carried on by physicists ; the chemistry of 
the radioactive elements and their compounds, and the chemical aspects 
of radioactivity in general, have scarcely been studied at all. The de- 
velopment of the processes used in the extraction of radium from its ores 
and the discovery of the evolution of heliom form almost the only excep- 
tions to this statement. The excuse usually urged for this condition of 
things, namely the rarity and expense of the more strongly active sub- 
stances, does not seem to me a good one. It is true that the rarity of 
radium prevents the employment of ordinary chemical procedure in its 
study. But new conditions require new methods. If Madame Curie 
had adhered solely to the methods of orthodox chemistry the new ele- 
ment would not have been discovered. It appears to me that the sub- 
ject of radioactivity has reached a point where further progress will be 
slow unless aided by the effective cooperation of both physics and 
chemistry. 

In none of the books here considered are the experiments with radio- 
active substances in the fields of medicine and biology adequately treated. 

Ernest Merritt. 

Handbiich der Spectroscopic, Band III, By H. Kayser. S. Hirzel, 

Leipzig, 1905. Pp. viii -f 604. 

The third volume of Kayser* s Handbook of Spectroscopy fulfills the 
promise of the earlier volumes as regards completeness and thoroughness 
of treatment. The present volume deals exclusively with absorption 
spectra and includes not only all that has been amassed by an army of 
investigators concerning the selective absorption of the visible rays but 
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likewise all that has thus far been learned by the use of photographic 
methods concerning absorption in the ultra-violet spectrum and by 
means of the thermopile, bolometer and radiometer concerning absorp- 
tion in the infra-red. Unfortunately the extensive explorations of the 
infra-red spectrum made by W. W. Coblentz were not completed in time 
to be included as a whole in Professor Kayser's Compendium, but his 
results in so far as they had appeared up to the middle of the year 1904 
are included. 

Chapter I. of the present volume deals with the apparatus and methods 
for the study of absorption and Chapter II. with variations in absorption 
spectra and the influence of temperature, pressure, etc., upon the same. 
Chapter III. which was written by Professor Hartley of Dublin, deals at 
great length with the difficult question of the relations between the ab- 
sorbing power and constitution of organic compounds. The remainder 
of the volume consists of a systematic summary of the absorption of the 
various elements and their compounds with an alphabetical descriptive 
list of all known absorption spectra together with references to the orig- 
inal sources from which the data have been derived. E. L. N. 

Modern Theory of Physical. Phenomena, By Augusto Righi. 
Translated by Augustus Trowbridge. 8vo, pp. ix -f 165. New 
York, The Macmillan Co., 1904. 

The eight years that have elapsed since the introduction of the elec- 
tron into physical theories have witnessed changes of a most' fundamental 
and far reaching character in our manner of interpreting physical phe- 
nomena. While it is to the study of the cathode rays that we owe the 
first experimental evidence of the existence of charged particles smaller 
than atoms, the utility of the electron in physical theory has not been 
confined to the phenomena of the discharge in gases, nor even to the 
discussion of phenomena of a purely electrical character. There is now 
not a department of physics left in which the modern conception of elec- 
trons has not played a part. In some cases it has led to new theories ; 
in others it has made possible the statement of old theories in new and 
more concrete form. P'or one who wishes to remain in touch with the 
rapid developments of physics a knowledge of the fundamental notions 
of the modern electron theory is therefore absolutely essential. 

It is the purpose of Professor Righi 's excellent book to give this knowl- 
edge of the fundamental notions. The book is non -mathematical ; only 
rarely does an algebraic or geometrical discussion appear in a footnote, 
and always of the simplest character. Beginning with a consideration of 
ordinary electrolysis the author then considers the Zeeman efi*ect, cathode 
rays, conduction in gases and solids, radioactivity, and finally the consti- 
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tution of matter. The treatment is brief, but remarkably clear. In so 
small a book no detailed discussion of the many topics treated can be 
expected. But the outline is given, and with it and the suggestion that 
there is more to the subject than is contained in this book. References 
to original articles are frequent. The translation from the Italian, under- 
taken by Professor Trowbridge with the cooperation of the author, is 
highly satisfactory. 

Although Professor Righi himself has carried out numerous important 
investigations along lines closely related to electron theory, it cannot be 
said that much of the work leading to the development of this subject has 
been done in Italy. In the opinion of the reviewer this fact adds to the 
value of a book like that here considered. The subject is presented to 
us by one who sees it from the outside. The treatment is appreciative, 
but at the same time conservative ; and there is none of the faulty per- 
spective, resulting from unrestrained enthusiasm, which is sometimes seen 
in similar books by English authors. 

Ernest Merrit. 

The Recent Development of Physical Science. By William Cecil 
Dampier Whetham. 8vo, pp. xii + 344. Philadelphia, P. Blackis- 
ton's Son and Co., 1904. 

In modern scientific investigation cooperation between different related 
branches of science is becoming more and more essential. Each investi- 
gator is a member of the great scientific army that is battling with the 
unknown. In modern warfare individual companies and regiments do 
not fight alone, but each part of the army keeps itself informed of the 
progress made by the rest, so that an advantage gained by one may be 
utilized by all. 

It is the recognition of this need of scientific cooperation that has led 
to the preparation of Mr. Whetham's book. The author says: **Thus 
it happens that an acquaintance with the knowledge newly acquired in 
one department of science is necessary for the study of another ; indeed, 
the phenomena which need for their interpretation the methods of two 
branches of science have proved often the most fruitful field of inquiry. 
For reasons such as these it has been thought possible that a short account 
of some of the important investigations now being carried on in the 
physical laboratories of the world might be useful to students of science 
in general ; while it is hoped that, by treating the subjects as far as pos- 
sible without technical language, the book may also appeal to those who, 
with little definite scientific training, are interested in the more impor- 
tant conclusions of scientific thought.*' 

It will be seen that the general purpose of the book is the same as that 
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of Righi's ** Modern Theory of Physical Phenomena.** But while the 
latter book deals only with the various phases of the electron theory, the 
former covers a far wider field. The scope of the book is indicated by 
the following list of topics treated : The Philosophical Basis of Physical 
Science ; The Liquefaction of Gases and the Absolute Zero of Tempera- 
ture ; Fusion and Solidification ; The Problems of Solution ; The Con- 
duction of Electricity through Gases ; Radioactivity ; Atoms and Ether ; 
Astrophysics. 

The attempt to cover so much ground unfortunately results in a less 
thorough treatment of the topics considered than that of Righi. Refer- 
ences to original sources are absent. Occasionally the statements made 
are misleading, either because of their brevity or actual inaccuracy. Take 
for example the interpretation put upon the negative Joule-Thomson 
effect in hydrogen, which the author ascribes to a force of repulsion 
between the hydrogen molecules. Later the reversal of the effect at 
— 80^ C. is mentioned, and will naturally be interpreted by the reader as 
indicating a change at that temperature from molecular repulsion to mole- 
cular attraction. One who is prepared to read the chapter on the liquefac- 
tion of gases understandingly will not look with favor upon a theory that 
requires such an assumption as this, — an assumption that was perhaps 
natural enough fifty years ago, but which is now no longer necessary. 

A misleading statement of another kind appears in the chapter on con- 
duction through gases, where the author says that *• the effect of very 
high vacua on the electric discharge was first systematically investigated 
by Sir William Crookes.*' To those who are familiar with the classical 
articles of Hittorf, whose publication preceded the work of Crookes by 
several years, and which contain descriptions of phenomena that are even 
now being rediscovered, such a statement seems unfortunate. 

In trying to make the same book serve for the two classes of readers 
referred to in the preface — namely the educated man who has a general 
interest in science, and the scientific worker in other fields, — the author 
has undertaken a very difficult task. In fact it appears to me almost 
impossible to carry out such an undertaking so that the result shall be 
satisfactory from both points of view. Some lack of exactness is inavoid- 
able in a popular account of scientific work, and even a certain amount 
of carelessness in statement is excusable, although regrettable. But in a 
book intended for workers in other branches of science — men who have 
scientific training and the scientific instinct, but whose work has simply 
been along other lines — any carelessness in the presentation of what is 
to the reader a novel theory is apt to diminish the value of the book 
very greatly. It must be remembered that many hypotheses or modes of 
thought to which the physicist has become accustomed may appear in an 
entirely different light to workers in other fields. A book written for 
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such an audience has failed in its purpose unless it gives to its readers 
an understanding of the reasons which have led to the adoption of new 
hypotheses. 

In some cases I think that Mr. Whetham*s book has failed in just this 
way. Consider for example the hypothesis that lies at the foundation of 
all branches of the electron theory — the assumption of the existence of 
portions of matter smaller than atoms. This assumption is introduced in 
the chapter on conduction through gases in an offhand way, natural perhaps 
to one long familiar with the, at first, startling suggestion. I^ter 
there is indeed an attempt to give the reasons for believing that corpuscles 
are smaller than atoms. But the discussion appears to me entirely inade- 
quate. It really makes the whole argument rest on the results of J. J. 
Thomson's determination of the charge carried by an ion in air. The 
results of these experiments are certainly interesting, and are important 
when taken in connection with the great mass of indirect evidence point- 
ing in the same direction. But when one remembers the number of 
questionable assumptions that are involved in the determination, no one 
would be willing to accept the conclusion on such evidence alone. 
Certainly the chemist, who sees in the electron hypothesis a contradic- 
tion of laws which he has long regarded as fundamental, will not be con- 
verted to the new theory by such a presentation of the case. To make 
the book of value to such readers the author should have borne in mind 
the skeptical attitude held by most physicists only a few years ago, and 
should have indicated the steps by which accumulating experimental 
evidence virtually forced the acceptance of the electron theory. 

There are numerous instances where criticism similar to that above 
might properly apply. The reviewer feels that the author has had the 
opportunity to supply a book whose need is strongly felt ; but that the 
opportunity has not been fully utilized. The book is written in an 
interesting style, however, and contains much that it would be difficult 
to find in better form elsewhere. The essential fault that one finds in 
the book is not that it is bad, but that, although good, it might have 
been so much better. 

Ernest Merritt. 
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PHYSICAL REVIEW. 



ON THE SPECIFIC HEAT OF GASES AT HIGH 
TEMPERATURES.* 

By L. Holborn and L. W. Austin. 

THE specific heat of gases at constant pressure was first success- 
fully determined by Regnault.* His observations covered 
the temperature interval from — 30° to + 210^ C. and pressures 
from I to 1 2 atmospheres. He found that the specific heats of the 
simple gases, air, oxygen and hydrogen were independent both of 
temperature and pressure within the limits of the observations. The 
specific heat of carbon dioxide, on the other hand, when measured 
between 0° and 200^ showed a well marked increase with increasing 
temperature. 

E. Wiedemann,^ who repeated the experiments of Regnault on a 
smaller scale, arrived at similar conclusions. Witkowski,* investi- 
gating air at low temperatures, between 100° and — 170°, also 
found the specific heat constant. On the other hand he found that 
it increased with increasing pressure (up to 70 atmospheres) and 
that this increase rose with decreasing temperature. An increase 
of specific heat with increasing pressure has also been observed by 
Lussana* between 0° and 200° in the case of air, oxygen and 
carbon dioxide. 

> Translated from Abhandlungcn dcr Phys.-Tcch. Rcichsanstah, Vol. IV., Heft. 2, 

p. 133» »905- 

* V. RegDault, Relation des exper., 2, 1862. 
>E. Wiedemann, Pogg. Ann., 157, p. I, 1875. 
♦A. Witkowski, Journ. de phys. (3), 5, p. 123, 1896. 
»S. Lussana, Cim. (3), 36; (4), i, 3, 6, 7, 1894-98. 
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The specific heat at constant volume has been measured by Joly ^ 
who enclosed the gases (air, hydrogen and carbon dioxide) under 
high pressure in hollow copper spheres and determined their specific 
heats between room temperature and loo^ by means of the steam 
calorimeter. 

In addition, the mean specific heat at constant volume between 
o^ and a high temperature has been measured by means of explo- 
sion experiments, by Mallard and Le Chatelier* (1300® to 2800®), 
by Berthelot and Vieille * (2800° to 4400°) and recently by Lan- 
gen*(i300to 1700^). 

Method of Observation. 

All the observers who have measured the specific heat at con- 
stant pressure have made use of the method of mixtures of 
Delaroche and Berard.* The gas first flows through a tube system 
surrounded by a bath of some liquid where it is heated to the 
desired temperature, and finally flows out through a second tube 
system surrounded by the water of the calorimeter where its heat 
is given up. The temperature at which the gas enters the calorim- 
eter is determined by means of a thermometer in the heating bath, 
and the temperature at which it leaves is given by the thermometer 
in the calorimeter, experiments having been made to show that the 
gas actually assumes the temperatures of the heating bath and of 
the calorimeter as it passes through them. 

The connection between the heating bath and calorimeter must 
be made as short as possible in order that the gas may enter the 
latter with the least possible loss of heat in transit. There is, how- 
ever, always a heat loss at this point, the influence of which can be 
made negligible only by using powerful gas currents. Regnault 
took great pains in the investigation of this source of error. In his 
experiments with air he varied the flow of gas between wide limits 
increasing it until the value of the specific heat became independent 

1 J. Joly, Phil. Trans. (A), 182, p. 73, 1891 ; 185, pp. 943 and 961, 1894. 
'Mallard and Le Chatelier, Ann. des mines (8), 4, p. 274, 1883. 
» Berthelot and Vieille, Ann. dechim. ct de phys. (6), 4, p. 13, 1885. 
^Langen, Forschungsarbeiten, herausgegeben vom Ver. Deutsch. Ing., Heft 8, p. i, 
1903. 

* Delaroche and Berard, Ann. de chimie, 85, p. 72, 1813. 
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of the quantity per minute. In the calculation of the specific heat 
a correction must be made to the observed rise in temperature of 
the calorimeter. This is due partly to the radiation of the calorim- 
eter and partly to the heat conducted to it from the heating bath 
through the connecting tube. The first portion, which is common 
to all calorimetric measurements, can be controlled by choosing a 
suitable initial temperature for the calorimeter, while the second can 
be kept within the necessary bounds by introducing bad conducting 
material in the connection between the calorimeter and heater. By 
observing the course of the calorimeter temperature before and after 
the passage of the gas this correction is determined. It is never- 
theless doubtful whether with the Regnault arrangement the flow 
of heat due to conduction does not change when the gas current 
sets in. The question can be investigated only indirectly, by vary- 
ing the strength of the gas flow. 

Witkowski varied the above method of measuring the gas tem- 
perature by making use of a thermoelement protected from radia- 
tion, which could be brought close to the opening of the calor- 
imeter. In the present investigation which has for its object the 
determination of the specific heats at high temperatures this method 
has also been used. For the heating of the gases however baths 
were discarded as they are not convenient above 500°. 

Arrangement of Apparatus. 
' Tlu Heating Tube. — The gas was heated electrically in a nickel 
tube A, 1.2 m. long 8 mm. inner diameter, and of i mm. wall thick- 
ness, on which was wound a coil of nickel wire. The windings 
were insulated from the tube by asbestos and from each other by 
clay put on wet. Outside this was a second layer of asbestos, and 
the whole was inclosed in a porcelain tube. The gas was introduced 
at one end and was heated in the coarse nickel filings with which 
the tube was filled according to the plan of E. Wiedemann. At 
three-fourths the length of the tube it encountered a dividing wall 
soldered in with silver and was led out through a side tube 25 mm. 
long and 4 mm. in diameter into the calorimeter. In this way the 
influence of the cool end of the tube was eliminated. Otherwise the 
gas in passing through the cool portion gives up so much of its heat 
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that its temperature varies in a marked degree with the strength of 
the flow. 

Opposite the outlet tube W z, second nickel tube -5 (25 cm. long, 
4 mm. diameter) was joined to the heating tube and through this a 
platinum platinum-rhodium thermo-element 7" was introduced. This 
passed through the heating tube A which at this point was kept 




Fig. 1. 

free from nickel filings by the dividing wall M on one side and a 
disk of wire net on the other. The therm oj unction lay in the out- 
let tube W, I cm. from its free end. In this space a thin silver band 
bent in the form of a screw was inserted to prevent radiation of the 
thermoj unction to the cool calorimeter. The thermoelement con- 
sisted of wires 0.25 mm. in diameter which were insulated through 
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the greater part of tube B with thin porcelain tubes. In the por- 
tion near A, in A itself and also in W, the insulation consisted of 
thin quartz capillaries lying close together and wrapped about with 
platinum band o.oi mm. in thickness. The thermoj unction which 
was hardly thicker than a single wire was free from quartz and was 
nsulated from the platinum sheath by an air space. Special car 
was taken that the end of the thermoelement should not come in 
contact with the tube wall. In one portion of the work this was 




T::^t2>B 





I>==ate^ 



FiR. 2. 



attained by supporting the flexible end of the element on a bit of 
mica of the same width as the diameter of the tube. The plati- 
num band which was intended for the protection of the thermoelement 
from radiation from the tube wall also served to protect the quartz 
from the nickel oxide which was carried along with the gas current 
in minute quantities from the heating tube. Otherwise this after a 
time became opaque and disintegrated. 

The wires of the thermoelement were insulated from the tube B 
by a porcelain tube which passed out through a rubber stopper at 
Z?, in which it could be moved back and forth when it was desired 
to determine the temperature at different points in the tube W, The 
end D of the tube always remained cold enough so that the wires 
could be sealed into the end of the porcelain tube with sealing wax. 
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A secofidaxy beating coO of nickel wire vound on porcelain 
12.5 cm. long and insulated like the main coil was placed on the 
tube B to compensate for the loss of heat hy conductioa throogfa 
the two ^6t tubes and for the loss of one turn of wire on the main 
coil where the side tubes were attached. 

Th€ Calorimeter, — The calorimeter A" of about a5 liter capacity 
was made of pure silver 0.5 mm. thick (Figs. 1 and 2). In its 
center were situated three silver tubes 1.5 cm. in diameter filled 
with silver filings and connected by 0.6 cm. sih-cr tubes. These 
absorbed the heat from the gas as it passed through. That the 
gas actually issued from the calorimeter at calorimeter temperature 
even when heated to the highest point ('800® ) was made certain by 
experiments with a constantan copper thermoelemenL 

A thermometer Th with inclosed scale di\'ided in o. i ® and read by 
means of a telescope served for the measurement of the specific 
heat. A small stirrer R insured the rapid and regular taking up 
of the heat of the silver tubes by the water. The weight of the 
calorimeter including the tubes and filings was 247 g. 

The calorimeter was surrounded by a copper water jacket and 
was placed at one side instead of at the center of this in order that 
the heating tube might be brought as close to the calorimeter as 
possible. The water jacket had a capacity of 1 5 liters. The tem- 
perature of this tended to rise slowly due to the radiation from the 
heating tube. To obviate even this slow change a spiral tube was 
introduced into the jacket through which cold w*ater from the house 
system flowed. The quantity of water required for any given heat- 
ing tube temperature was regulated according to the readings of 
a water manometer. By this means the jacket temperature indi- 
cated by the thermometer Th* was kept constant during the time 
required for an experiment to o. i °. This temperature was generally 
about 18*^. The water in the jacket was stirred by a stirrer R' 
driven by the same electric motor used for driving the calorimeter 
stirrer R. 

In former researches the connection between the calorimeter and 
heating apparatus was made by means of cork. This material 
is not usable however much above 200°. In our work the means 
of connection consisted of a specially made porcelain tube shown 
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in natural size in Fig 2, a. The larger end of this was inserted in 
the mouth of the system of tubes of the calorimeter while the other 
end fitted over the tube W reaching as far as the windings of the 
heating tube A. Both the joints were made tight by firmly packed 
asbestos. 

The Gases. — The gases for the investigation were taken directly 
from ordinary commercial cylinders. Before entering the heating 
tube the gas passed through a glass tube 1.5 m. long filled with 
calcium chloride. The strength of the gas stream was regulated 
with sufficient accuracy by means of an ordinary reducing valve, 
the pressure read on a mercury manometer 
before the gas entered the heating tube, re- 
maining constant to i mm. Only in the 
case of carbon dioxide was it found neces- 
sary to regulate during the experiment. 
This was evidently due to the changes in pjg 2, a. 

the valve temperature resulting from the 

evaporation of the liquefied gas. The gas entered the heating 
tube A under an excess pressure of about one-half atmosphere 
which was necessary on account of friction on the nickel filings 
which increased with the temperature. For overcoming the friction 
in the system of tubes in the calorimeter only a pressure of from 
I to 2 cm. of mercury was required, as was established by special 
experiments. No heat due to the friction of the gas on the filings 
in the calorimeter was observed. 

The Gasometer, — The quantity of gas was measured after it left 
the calorimeter. The gasometer which served to hold and measure 
the gases is represented in Fig. 3. The gas passed first through a 
spiral cylinder 5^ and then entered a rubber bag G which hung in a 
closed zinc cylinder. From this a quantity of air, equal in volume 
to the gas entering the rubber bag, was forced through the tube 
L into the vessel F out of which water was expelled through the 
opening Q, This was caught in a pail and afterwards weighed. 
By this arrangement gas left the calorimeter under a constant pres- 
sure differing only a little from the pressure of the atmosphere. 
The presence of the rubber bag guarded against the possibility of 
absorption by the water, of the gases measured, since only the 
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air from the zinc cylinder came in contact with the water. There 
was no difficulty in determining the volume of CO^ with this ar- 
rangement as the diffusion of this gas through the rubber dur- 
ing the short time required for an experiment could be neglected. 
The zinc cylinder Z and the vessel F were kept at the same 
temperature. To this end the cylinder was placed in a large bath 
the water of which was continually renewed from the water system 
of the laboratory, while the vessel F which was surrounded with a 
layer of cotton covered with oil cloth, was filled through the funnel 
N from the same source before each experiment. 



M, Mj, 




mmm.^' m^m^^m^^i 



Fig. 3. 

Since the gas passed through the copper spiral 5p situated in the 
same bath with the zinc cylinder Z before entering the rubber bag, 
it was not necessary to wait long for it to attain the bath tempera- 
ture. This otherwise would have consumed considerable time as 
the quantity of gas was usually about 20 liters. Before the first 
experiment each day it was necessary to wait for some time after 
filling the bath until the air in the zinc cylinder had completely 
assumed the bath temperature. This never varied more than i ° 
during the day. 
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After each experiment the air was generally forced back from 
the vessel F into the cylinder Z, This was accomplished by clos- 
ing the opening Q and the cock H^ and opening H^ and Hy Water 
was then poured in through N^ and the air passed through the 
tube V and at the same time forced the gas from the rubber bag 
out through//,. Air could be introduced into the zinc cylinder 
also through the cock Hy being brought to the temperature of the 
bath by passing through the spiral S^. Ordinarily this opening 
was used only to bring Z to atmospheric pressure. The pres- 
sure of the gases in G and /^was read on the water manometers 
M^ and M^. G was brought to atmospheric pressure before each 
experiment and again after the entrance of the gas. This was 
accomplished after the closing of the cock H^ by opening H^ for a 
moment so that a little air flowed from Z to /^through the tube V, 

Letting ilf denote the weight of the displaced water in kgs., T 
its temperature (which differed only a fraction of a degree from the 
temperature of the zinc cylinder), H the pressure (mm. Hg) in the 
vessel F, which was given by the readings of the barometer and 
the manometer M^, the mass m (in grams) of the gas contained in 
the rubber bag is 

in = M —z - . 

760 I -f a/ 

where a is the expansion coefficient and s the weight (in grams) of 
I liter of gas at 0° and 760 mm. 

The Gas Temperature. — The temperature of the gas was meas- 
ured just before it entered the calorimeter with the thermoelement 
already described. Details regarding its use have been given in a 
former paper by one of the authors. ^ For the sake of certainty new 
wires were made use of since those which have been already used 
immersed to a considerable depth in a heated region sometimes 
cease to be homogeneous in the neighborhood of the junction. 
This can easily lead to errors when, as in the present case, the wires 
are heated only close to the junction. 

After many preliminary experiments in which among others the 
thermoelement was surrounded by a silver tube insulated from the 

» L. Holbom and A. Day, Ann. d. Phys. (4), 2, p. 538, 1900. 
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walls of the tube W through which the gas entered the calorimeter, 
we finally heated the tube W by means of a coil of 0.2 mm. platinum 
wire. This was wound on a thin layer of asbestos paper in bifilar 
winding so that the two free ends came out together from the por- 
celain tube P close to the heating tube A, Toward the calorimeter 
the windings were brought closer together so as to produce as 
nearly as possible a uniform temperature throughout the tube W, 
The current in the platinum coil was regulated so that the thermo- 
junction indicated the same temperature of the flowing gas when it 
was displaced to different points along the tube W, Then, since in 
the actual measurements the junction always lay close to the screw- 
shaped silver plate, it followed that as soon as the g^s flowed the 
whole of the thermoelement was at the same temperature as far as 
the point where it entered the tube B, Before and afterward the 
readings were lower, but rose at once as soon as the cock of the 
gas cylinder was opened, and remained constant in general during 
the whole time that the gas flowed. Only in the case of the high- 
est temperature was there a slight fall when the flow continued for 
some time, evidently caused by the fact that the heating tube A did 
not have sufficient heat capacity and gradually cooled during the 
course of the experiment. 

The temperature of the gas as measured in this way before its 
entrance into the calorimeter, is exactly determined by the condition 
of the heating tube. Within wide limits it is independent of the 
quantity of gas flowing in unit time, when the same current is sent 
through the heating coils. The kind of gas is also of little influence. 
Even at 800° carbon dioxide gave only about 6° lower temperature 
than air and nitrogen. If it is desired only to compare ^ the specific 
heats of different gases at the same temperature, if we assume that 
the known specific heat of one of the gases does not vary with the 
temperature, the thermoelement could be removed and the temper- 
ature be determined by the change in calorimeter temperature pro- 
duced by the passage of the standard gas. It is then only necessary 
to keep the strength of the heating current constant and to regulate 

> E. Wiedmann made measurements on the specific heat of different gases above 100' 
in a similar way, heating his heating tube in an air bath and assuming that air remained 
constant between 20® and 200®. 
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the quantities of the other gases so that each imparts about the 
same quantity of heat to the calorimeter. 

It was found also that the ratio of the specific heats of the differ- 
ent gases was the same when the above mentioned silver tube was 
used and the side tube W not heated. The Regnault arrangement 
was also tried with success for measurements of this kind at 220°. 
From all this it is seen that an electrically heated tube for heating 
the gas can completely take the place of liquid baths, and that it is 
superior in ease of adjustment and constancy and in being applicable 
to higher temperatures. The only disadvantage is that the electric 
oven has a small heating capacity, this being about the same as that 
of an air bath. The current for the coil of tube A was taken from 
a battery of accumulators the voltage of which could be varied as 
desired. The coil B was in a shunt which in the beginning had to 
be regulated for each temperature. The small coil on the side tube 
W was connected to a battery of small accumulators and the current 
for each temperature regulated in preliminary experiments. 

The amount of gas which could be used in each experiment was 
limited by the capacity of the gasometer, which was about 25 liters. 
Since carbon dioxide has the greatest specific heat per unit volume, 
it was used in the experiments for determining the dependence of 
the results on the velocity of the gas current. This influence was 
found to lie within the limits of the errors of observation. Ordi- 
narily the gas was allowed to flow for four minutes, and the quan- 
tity was frequently increased or diminished by increasing or dimin- 
ishing the velocity. 

The Calorimeter Temperature. — The heat which the calorimeter 
received from without, coming for the most part from the heating 
tube through the small tube used for introducing the gas, necessi- 
tated a correction which was determined in the usual manner from 
observations on the change of temperature in the calorimeter for 
periods of ten minutes before and after the experiment. The read- 
ings on the thermometer in the calorimeter, which were always 
taken with rising temperature, lay between 3° below the water 
jacket temperature and about 10° above it. For our purposes it 
is allowable within these limits to make a hnear interpolation of the 
correction during the time required for the experiment itself. We 
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proved this both by plotting a curve for the correction from readings 
extending over the whole range of temperature, and also by impart- 
ing a definite amount of heat per unit time to the calorimeter from 
an electrically heated coil immersed in the water, beginning with 
different initial temperatures. The temperature of the heating tube 
was about 450° and the rise in the calorimeter temperature in the 
first and last periods varied between 0.13° and 0.06® per minute. 
During four minutes current was sent through the coil in the calor- 
imeter so that the temperature rose about 4°, first at a mean calor- 
imeter temperature of 19°, and then at 25°. The difference between 
the two results was on an average less than 0.2 per cent. In these 
experiments the calorimeter was slower in changing its temperature 
than in the experiments with gases where of course the small heat- 
ing coil was absent. This, on account of the insulation of the wires, 
gave up its heat more slowly than the silver tubes. The cooling of 
the heated calorimeter before a new experiment was accomplished 
as follows : The water was first completely sucked out through the 
opening left for the thermometer. As the bottom of the calorim- 
eter was curved all the water could be removed except that adher- 
ing to the walls. Then a fresh quantity of water of suitable tem- 
perature measured at 15° in a half-liter flask, was poured in. 
Before the calorimeter was connected to the heating tube it was 
proved by weighing that this procedure insured the constancy of 
the quantity of water to about o. i gram. The water equivalent of 
the calorimeter with its stirrer (except the portion above the glass 
insulator set in the spindle just above the calorimeter) and ther- 
mometer was 1 5.7 grams. The quantity of water was 499.6 grams 
so the sum 

«^= 515.3 g- 

Calling m the weight in grams of the gas entering the calorim- 
eter, with the temperature B^, and &' the resulting rise in tempera- 
ture of the calorimeter, which is derived from the observed change 
in temperature d^ by applying the correction k due to the heating 
by conduction, etc., and calling c the mean specific heat of the gas 
at constant pressure, and 6^ the mean calorimeter temperature 
during the passage of the gas, then 
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Observations. 

The observations contained in the following tables were taken at 
three different temperatures of the heating tube, t^ denotes the 
temperature of the calorimeter jacket, z the time of passage of the 
gas in minutes, r^ and r^ the mean change in the calorimeter tempera- 
ture per minute during the periods before and after the passage of 
the gas. The order in which the observations were taken is shown 
by the dates. 

It was in general so arranged that each gas was experimented 
upon at different times as a test of the constancy of the apparatus 
This was necessary inasmuch as the apparatus was several times 
taken apart, the insulation of the thermoelement renewed, and its 
junction often moved forward and back in the region of uniform 
temperature already mentioned. The differences were naturally 
smaller when the apparatus remained undisturbed. Changes in the 
gas temperature on the same day were generally caused by gradual 
decrease in the current strength in the heating coils. The increase 
in the calorimeter temperature & is always calculated for one minute 
longer than the time of passage of the gas. The slower rise of 
temperature due to conduction from the heating tube, etc., set in 
regularly within one half minute after the gas ceased to flow. The 
regulating valve and mercury manometer allowed the gas current 
to be kept so constant that the temperature of the calorimeter rose 
regularly during the passage of the gas, which was clearly shown 
by the thermometer readings taken every half minute. Before and 
afterwards the thermometer was read each minute. 

Observations were taken at three different gas temperatures, that 
is at 440°, 630° and 800°. An upper limit was placed to this 
temperature by the danger of melting the silver soldering of the 
nickel tube, and a lower limit by the uneven distribution of the 
temperature in the heating tube and the decreased sensibility of the 
thermoelement. The use of the same calorimeter for a given 
quantity of gas is advantageous only for a limited interval of 
temperature. 

Oxygen was the least pure of the gases used. According to the 
analysis of the chemical laboratory of the Reichsanstalt it con- 
tained 9.5 per cent, (by volume) of nitrogen. Any change in the 
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composition of the gas during the experiment by the formation of 
oxides in the heating tube must be negligible since the passage was 
so rapid. This was proven by the fact that a specimen of gas sent 
through rather slowly at 630*^ showed an increase of less than i per 
cent, of nitrogen. One bomb of nitrogen used contained 1.2 per 
cent, and the other 5 per cent, oxygen. 

Results. 
Simple Gases, — The following table shows the mean of the ob- 
served values for the mean specific heat of the simple gases. 



Between 20® and 440' 
Between 20® and 630® 
Between 20® and 800® 



Nitrogen. 



0.2419 
0.2464 
0.2497 



Oxygen 

with 9.5 

Per Cent. N. 



0.2255 
0.2314 



Oxygen. 



0.2240 
0.2300 



Air. 



Air 
Calculated 

from 
N and O. 



0.2366 1 
0.2429 
0.2430 I 



0.2377 
0.2426 



The value for pure oxygen was calculated according to the 
known percentage of nitrogen mixed with it. In the same way a 
value was calculated for air, derived from the two values for nitrogen 
and oxygen. 

In regard to the specific heat of air between 20° and 440° the 
difference between our values and those of the earlier observers up 
to 100° or 200° (Regnault 0.2375, E. Wiedmann 0.2389) lies 
within the limits of the errors of observation. 

Oxygen was investigated by Regnault up to 200°. Two de- 
terminations gave for the mean specific heat 0.2 163 and 0.2 188 giv- 
ing as an average 0.2175 which is 3.5 per cent, smaller than the value 
observed by us at 440°. According to this it appears that the 
specific heat of oxygen increased between 200° and 400°. For 
comparison we have also made observations on the specific heats of 
the different gases between 20° and 245°. In this region however, 
our apparatus was not fitted for absolute measurements. We have 
therefore merely determined the values relatively, taking air as the 
normal gas and assuming the Regnault value 0.2375 to be correct. 

The results were as follows : 
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Nitrogen 0.2401 

Oxygen with 9.5 per cent, nitrogen 0.2223 

Carbon dioxide 0.2197 

From this we calculated the value for pure oxygen to be 0.2206 
which is still somewhat higher than Regnault found. It is to be 
observed, however, that these values were derived from observa- 
tions with comparatively slow g^ velocity and very possibly were 
too small in comparison with the value of air 0.2375 which was 
found with a powerful gas flow. 

So far as we are aware, nitrogen has up to the present never 
been directly investigated. The value given by Regnault 0.2438 
was calculated from his values for air and oxygen. 

In regard to the variation of the specific heat with the tempera- 
ture, it would appear that between 20® and 400°, and 20° and 800® 
the mean values for nitrogen and air show an increase of 3 per 
cent. When we consider, however, the variation in the two gases 
at the same temperature with changes in the condition of the appa- 
ratus, and consider further, that the difficulties in determining the 
temperature of the gas before it enters the calorimeter increase with 
increasing temperature, it is hardly possible to conclude with cer- 
tainty from these small changes in the values that the specific heat 
increases with the temperature. We must therefore at present 
consider the observed result as merely a limiting value. 

Assuming, however, that the variation between 0° and 800*^ 
corresponds to the observed values and is linear, and making use 
of Regnault's .values between 10° and 200® we will have the fol- 
lowing formula for the mean spedfic heat c between o*^ and S^ 

r = r„(l -h 0.00004*). 

where c^ is the value at o® and B the temperature. 

Mallard and Le Cbatelier as well as Langen have obtained con- 
cordant values for the mean specific heat c^ at constant volume at 
high temperatures by means of explosion experiments. The latter 
gives for the molecular heat C^ of the simple gases the expression 

dT = 4.8 -h aooo6 9 
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for the temperature interval 1 300° to 1 700®. Assuming that the 
relation between the molecular heats at constant pressure and con- 
stant volume 

C- (7,= 1.98 

holds for the whole interval, it follows that the mean specific heat 
at constant pressure 

r = r^, (i + 0.000085^). 

From our observation it appears that this equation is not appli- 
cable to lower temperatures but that here the specific heat increases 
more slowly. 

Carbon Dioxide, — The variation in the specific heat of carbon 
dioxide is of especial interest, since according to the observations 
of Regnault and E. Wiedemann there is a well marked increase in 
its specific heat even at lower temperatures. The following table 
contains the values of the mean specific heats observed by us. The 
value for the interval 20° to 200** is taken from earlier observations. 
In the column Cal. the values given are derived from the formula 

c = 0.2028 -f- 0.0000692^ — 0.0000000167^. 



Oba. Cal. 



(0.2168) 


0.2173 


0.2306 


0.2312 


0.2423 


0.2410 


0.2486 


0.2486 



Between 20® and 200** 
20 " 440 
20 " 630 
__ «« 20 ^* 800 _ __ _ 

The true specific heat y^ at the temperature S is 

y^ = 0.2028 -h 0.0001384^ — 0.00000005^ 

while Regnault from his observations in the interval — 30° to 
-f- 210° derived the formula 

y^ = 0.1784 -f- o.ooo29i8(^ -h 30®) — 0.000000 1 074(^ -f- 30°)l 

Our investigation therefore shows that the specific heat at higher 
temperatures increases more slowly than an exterpolation of the 
Regnault formula would indicate. 
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We give in the next table the values for the true specific heat as 
calculated from the different formulae. It is to be observed that 
these values on account of their derivation from the integral values 
at the limits of the observed intervals are to a considerable extent 
uncertain. 



At 


Regnault. 
0.1870 


B.Wiedemann 1 


Mallard and 
Le Chatelier. 


Langen. . 


Holborn and 
Austin. 


0» 


0.1952 


O.I880 


0.198o 


0.2028 


100 


0.2145 


0.2169 , 


0.214o 


O.2IO0 


0.2161 


200 


0.2396 


0.2387 


0.239o 


0.222o 


0.2285 


400 




' 


0.284o 


0.245o 


0.2502 


600 






0.323o 


0.269o 


0.2678 


800 


_ .. . _ 


: 


0.355o 


0.292o 


0.2815 



The values of Mallard and Le Chatelier correspond to the equation 

C^ = 6.3 4- o.oo6d — o.oooooi 18S*. 

This equation for the mean molecular heat was derived by these 
investigators from their explosion experiments and from the observa- 
tions of Regnault and E. Wiedemann. This formula gives con- 
siderably larger values than ours which more nearly correspond 
to Langen*s linear equation 

C, = 6.7 -f- 0.0026 ft 

If we calculate the mean specific heat at constant pressure be- 
tween 0° and 1 500°, first according to our formula and then accord- 
ing to that of Langen, we get the values 0.269 and 0.287 which 
differ from each other by 6 per cent. 

Since the two ranges of observation lie far apart from each other 
it will be necessary to postpone definite conclusions until calori- 
metric measurements are extended to still higher temperatures. 
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THE QUADRANT ELECTROMETER, AS USED FOR \J 
MEASURING CURRENT. 



By O. M. Stewart. 

THE extensive use of the quadrant electrometer in radio-activ- 
ity work justifies some mathematical investigation of the 
properties of this instrument. Since this use is usually limited to the 
measurement of small currents through some gas, the following 
discussion is restricted to this particular work. 

In measuring current, the needle of the electrometer is usually 
charged to a relatively high potential, one' pair of quadrants is 
grounded and the other pair is connected to the conductor into 
which the current from the gas passes. The observer then deter- 
mines the rate of motion of the electrometer needle and this is taken 
to be proportional to the current. That is, in ordinary use one 
assumes that 

where is the angular deflection of the needle, / the current through 
the ionized gas and ^j a constant. The elementary proof of this is 
sometimes given as follows : 

Let C be the capacity of the pair of quadrants and the apparatus 
connected to it, Q the charge on it and FJ its potential. Then 



Q = CV,. 
By differentiating, we have 

dt^^ dt " ' 

If V^ is the potential of the needle we have 



where k^ is a constant. 



=: k VV 



(0 



(2) 



(3) 



Digitized by 



Google 



230 O. M, STEWART. [Vol, \Xi 

Then, 

dt ^'^''"^ .dt 



^-*.^/I'- (4) 



By comparing (2) and (4) one finds that d9\dt is proportional to 
the current /. 

This involves two assumptions ; first, that the capacity is a con- 
stant and second that equation (3) which holds for steady deflections 
is true when the needle is in motion. Equation (3) follows from a 
statement of the equilibrium existing between the electrostatic 
forces which tend to deflect the needle and the torsional force of 
the suspension which tends to restore the needle to its zero. This 
equation is not true when the needle is in motion, for in that case 
there is another force introduced, the damping. Even for a uni- 
formly increasing potential and a uniform velocity of the needle, 
equation (3) does not hold, for due to this force of damping which 
tends to assist the torsional force of the suspension, the deflection 
is always less than for the steady deflection. 

The capacity of the electrometer changes as the needle moves ; 
but if the capacity of the apparatus connected to the electrometer is 
large this change may be neglected. However, in many instances 
this cannot be neglected. Professor Thomson^ has shown that 
when a needle moves there is a certain effective capacity which for 
a given potential of the needle is a constant. He has, however, 
assumed equation (3) which as we have just seen is not correct 
when d is varying. But this equation has been used in such a way 
that as will be shown later his results are correct when the velocity 
of the needle has become constant. That is, the effective capacity 
is a constant when the needle is moving without acceleration. This 
will be discussed more in detail later. For the present we will 
assume that the capacity is constant, that is, the special case where 
the capacity of the apparatus is large compared to that of the 
electrometer. 

If we assume a constant capacity and wish to measure a steady 
current / we have, from (2), 

» Philosophical Magazine, 46, p. 537, 1898. 
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and by integration 

where V^ is the varying potential of one pair of quadrants. The 
moment of force tending to deflect the needle is at any instant equal 
to 

when the potential of the needle, f^, is large compared to Vy 
Hence the moment of force is given by 

^F^=i?/. (5) 

Since the factors of the coefficient of / are here assumed con- 
stant -£ is a constant. E may be said to be the time rate of change 
of the electrostatic torque on the needle. 

The general equation of the motion of the needle may then be 
written, 

d^ dO 

where A is the moment of inertia of the needle, B the damping 
factor and D is the moment of torsion of the fiber. 

The complementary solution of this equation is obtained by 
equating the left hand member to zero and solving. 

^S+^5+^<^=°- (7) 

The solution of (7) is 

d = Me^'^+y^' + iV^*->>', (8) 

B 



where 



""--^ 



and 



' \aA^ A' 
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The particular solution of (6) is 

Hence the complete solution is 

9 = J//*+v>' + iVi'C-Y)* + -^ //_ -^\ (10) 

In this solution, y maybe real or imaginary. Equation (10) will 
therefore reduce to one of two types, depending on the relation 
between the damping on the one hand and the moments of inertia 
and torsion on the other. There is also the special case where ;' = o. 

y real. 
In this case 

When the time / is zero we know that 

# = o, and , = o. 

Applying these initial conditions to equation (10) and solving for 
the constants il/and N, one obtains 



Substituting these in (lo), 



_i,.»,»(,+(„_rt*)+,-|| („) 

From this by differentiating and remembering that a = ^BjiA 
and that a* — 7^ = DjA, the value of the angular velocity is 
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ad E 






2X 2J- 



(12) 



For convenience k has been written for — a. When t is large 

Hence the angular velocity approaches a constant value which 
depends only on E and D the moment of torsion. 

X zero. 

Equation (10) is not a complete solution of (6) when y is zero 
for it then contains only one constant. The form of the solution of 
(7) may be taken as 

and the complete solution of (6) as 

^' E 



/? = .--'(/?4-./) + ^(/-^). 



Putting in the initial conditions one has for the displacement, 
^' \BE E \ E i By 



or 






(13) 



The angular velocity becomes on differentiating 

S=^[-'-"'(-.^')]. 

since 5* = 4^Z? when ^ = o. 

Writing K for BfzA this becomes, 

d0 E^ 



(14) 
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In this case also the angular velocity Mjdt becomes practically 
equal to EID after some time. 

X imaginary. 

Let y—i^ where i = V — i 
Then 

The solution of equation (7) is now 

9 = ^(3/' cos ^/ + .V sin ^/) 
and the complete solution of (6) is 

9 = ^(J/' cos ?t + A'' sin ?t) + ^ (/ - I). (IS) 

Applying the initial conditions 

dd 
0^0 and . = o, 

and substituting the values of M' and thus N' obtained in (15) we 
have 

Differentiating this and remembering that a* -j- ^ = /^/-^, the ex- 
pression for the angular velocity is obtained 

as before k has been written for — a. 

In this case the velocity approaches the final velocity £/JD with 
a damped periodic motion. The period of this motion is given by 

2.T 

By solving (17) for maximum and minimum values of the velocity, 
it may be shown that the velocity reaches a maximum at / = r/2, 
a minimum at / = r, with another maximum at / = 37/2 and so on. 
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The velocities at these times are given by the following equations : 

When, 

- dd E I -"\ 



dd E I \ 



t=K 



dt 



-l(--). 



In curve i, on p. 238, is shown the relation between the angular 
velocity and the time. The data for this curve was obtained from 
equation (17) by substituting in it the constants of a particular 
instrument. The angular velocities are plotted relatively, the final 
velocity EjD being taken as unity. 

Hence in all cases as is shown by equations (12), (14) and (17), 
the final velocity is given by 

dd _ E 
dt" D' 

That is, the final velocity depends only on if, the rate of change of 
the electro-static torque acting on the needle and D the moment of 
torsion of the suspension. 

Substituting the value of E from equation (5) in the above value 
of dOjdt we have 

^^=^» (18) 

dt CD' ^^ 

But i VJD is the constant k' of the electrometer in the equation 

The final uniform velocity is therefore proportional to the current 
whose value is sought. If the capacity C is known, then / can be 
at once determined. It may be noted that the final velocity is in- 
dependent of the moment of inertia of the needle and B the damp- 
ing coefficient. 

The important question that arises in every case is, — How long 
is it until the needle reaches this final velocity? Considerable light 
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may be thrown on this by considering another motion of the needle. 
Let the free pair of quadrants be raised to any convenient poten- 
tial and the steady deflection d^ noted. If the quadrants are now 
grounded, the needle will return to its zero position. The equation 
of its motion in this case is given by 

d^e dd ^^ 
^^- + ^^/+^^ = ^- 

The complete solution of this is 

d = Me^^^y^ + AV-^^ (19) 

where as before, a = — BjiA and f = B^/^A^ — D/A. As before 
three cases arise, y real, imaginary, and equal to zero. In each 
case we have the initial conditions, 

When X is real, equation (19) becomes, on substituting for M and 
N the values found by these initial conditions, 

« = <>, (-^- '-^'^^^ - "-^ '-'"•"')). (20) 

or the motion is aperiodic. As before k has been written for — a. 
When Y is imaginary (19) becomes 

d = ^-«' (J/ cos ^/ + iV sin ^/). (21) 

Solving again for J/ and N by applying the initial conditions and 
inserting these values in (21) one obtains 

d = «/-«' I cos ^/ + 2 sin ^/ V (22) 

In this case the needle swings through the zero and the period of 
its Nibration is given by 

2T 

Proceeding in a similar way for the case r = o one obtains 

e = v-^u + «). (23) 
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In the equations (20), (22) and (23) the quantities /c, x and ^ are the 
same as before. 

The terms that contain the coefficients of the exponentials in 
equations (12), (14), (17) are identical with the corresponding terms 
in equations (20), (23) and (21). Hence we find a general rule that 
the velocity approaches its final value at the same rate and in the same 
manner that the deflected needle when released by grounding the quad- 
rants, returns to its zero. For example, suppose that the needle of 
a particular instrument had been displaced a scale distance of 20 
cm. and then released. It was noted that 25 seconds elapsed 
before the needle was within i cm. of its zero, or 5 per cent, 
of the initial deflection. Then if this instrument were used to 
measure a constant current, it would be 25 seconds from the time 
of insulating the quadrants until the velocity of the needle had 
come within 95 per cent, of the final value. 

The maximum values of d in (22) occur when, / = o, /=r, 
/ = 2r, etc. Or when 

/ = o, ^1 == d^, 

^ = ^, ^^9,e-^\ 
t = 2r, ^3 = d^e-^\ 

From this it is seen that, 

Or KT is the ** logarithmic decrement." Since r can be observed, k 
may be computed. Thus, from the observations on the decay of a 
vibration the constants, k and ^, of the equation (17) can be com- 
puted. In this way the period and logarithmic decrement of a 
sensitive electrometer of the Dolezalek type * were observed. Curve 
I. shown in the figure was plotted by substituting these values in 
equation (17). In this instrument only air damping is used. As 
is shown by this curve it is necessary to wait about 30 seconds 
before the velocity becomes approximately constant. It is of some 
practical interest to know what can be gained by changing the con- 
stants of the instrument to shorten this time. With this electrom- 
eter observation gave 

' Made by Cambridge Instrament Co. 
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and the mean ratio of consecutive throws 22.6. Hence 

log^ 22.6= 3.12 = KT, 

'« = .I3- 



Or 

But since, 



D 

A 



-K?=^^. 



= .68, 



D 



.085. 



If ic* be increased to .085, that is if /c be increased from 0.13 to 0.29 
^ becomes zero and the motion aperiodic. Curve II. was com- 







1/ S 




• 4 ^^ - 




., t^C^iil 


^^-^^ 


f tV'J^- 




>• uiy _ 




:-.lK Z 




hjZ/v - 


^^ 


<:J:Z: 


•a^^ ^^ 




^^ 


IJ^ -^-"^ 




1^ - 









o « to i» vo e» »o as .^o «• ao •• tto 
S«COr>d» 

puted from equation (14) by using this changed value of k. It is 
seen from this curve that there is a distinct gain in increasing the 
damping. 

If the damping be increased beyond this critical value, the velocity 
will approach its final constant value more slowly. Curve III. is 
the result obtained when the damping factor is increased about 35 per 
cent, of the value used in the case of Curve II., all the other quantities 



Digitized by 



Google 



No. 4.] THE QUADRANT ELECTROMETER, 239 

remaining unchanged. Curve V. shows the effect of increasing the 
damping ten fold. Both of these curves are computed from equa- 
tion (12). It is apparent that too much damping is to be avoided. 
In adjusting the damping, use can be made of the rule just given, 
that is by noting how soon the needle returns to zero after being 
deflected. 

If instead of changing the damping a more delicate fiber be used 
the motion may become aperiodic, for D is decreased and D\A may 
become less than if. However the undamped period is increased 
and in general the time for the velocity to reach an approximately 
constant value is not decreased. Curve IV. was plotted from equa- 
tion (14) by assuming that D had been decreased until the motion 
just became aperiodic. D would have to be reduced to one fifth 
its original value. While there has been in this way a decided gain 
in sensibility, a considerably longer time is required for the needle 
to reach a uniform speed. 

Capacity not Constant. 

In the preceding work it has been assumed that the capacity of 
the electrometer as compared to that of the rest of the apparatus 
was so small that the change in it could be neglected. We shall 
now consider the more general case, that where the change in the 
capacity of the quadrants is taken into account. 

If F, is the potential of one pair of quadrants, V^ that of the other 
and V^ that of the needle we have, Q^ being the charge on the first 
pair of quadrants, 

Q^^q^^V,^<i^.V^ + <i.^K (24) 

where ^„, q^^, q^^ are coefficients of capacity. ^„ is the charge on 
I when Fj is unity and all others are grounded ; ^j, is the charge 
on I when V^ is unity and all others are grounded, and so for ^,3. 
We shall consider that one pair of quadrants is always grounded, 
that is that f^ = o. When the needle moves both qy^ and y^, change. 
If the needle is approximately symmetrically placed with respect to 
the quadrants and d is not large, one may assume the change in 
^,j is proportional to the deflection, or that 

d9 "' 
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a constant. With this assumption it has been shown/ that 

where Cy^ and C,i are the values of q^^ and q^^ when /? is zero. Sub- 
stituting these values in equation (24) and remembering that V^ is 
always zero, we have 

Q, = C,,V, + C,,V, + ae{V,-V,) (25) 

The potential of the needle, f^, is large compared to Fp hence we 
may neglect Fj in the last term. Solving (25) for FJ, 






But the electrostatic moment of force tending to deflect the needle is 

Substituting in this the above values of V^ we have for the value of 
the moment, 

''c;^Q,-c,,v,-adv,). (27) 

dTijFj is quantity of electricity induced on the quadrants when Fj 
and are zero, and the increase due to a current / is 

Substituting this we have for the deflecting moment 

^^\it-aeV,). (28) 

The equation of motion then becomes 

J^d d» „, kV.,. 

' Maxwell, ** Electricity and Magnetism," Vol. I., Art. 219 ; Thomson, Phil. Mag., 
46, p. 537, 1898. 
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or 



This may be written 

^^^ + ^f +^'<' = ^- (30) 

The coefficient of is the only quantity in this equation that differs 
from equation (6). Hence it appears that the effect of this increase 
of capacity is mechanically the same as an increase in the moment 
of torsion of the suspension. There is this difference that while the 
change in the capacity is continuous, the equivalent change in the 
moment of torsion is an absolute change. The capacity C^^ in- 
cludes the capacity of the apparatus connected to the free quadrants 
The value of the velocity obtained from (30) is 

5==:^ ['-^"("=°'^''+^'''" '''')]• (31) 

where 

^ A 4^2- 

As ly is larger than D^ ^' is larger than /9 and the periodic time 
is shortened. Since k is not changed and the period less, the needle 
will reach the approximately uniform velocity sooner. 
The solution in the aperiodic case is 

dt D'V^ If 2f ' r ''32; 

where 

Owing to the increase of D\ x' ^^ '^^s than y. The second term 
on the right hand side of (32) is larger than the last and is there- 
fore, so far as the decay is concerned, the more important term. 
This term is decreased by the decrease in ;-. Hence the time for 
the velocity to reach an approximately uniform velocity is shortened. 
This increase in D tends to make an aperiodic motion become peri- 
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odic, but even in this case will not tend to increase the time for the 
acquirement of a practically uniform velocity. 

When the velocity becomes uniform, in each case, 



dd E kiV^ 






(33) 



Here, as in the case where the capacity was regarded as a con- 
stant, the velocity is proportioned to the current. In the case where 
the capacity was uniform it was shown that the simple method of 
noting the time for the needle to return to approximate rest at its 
zero point gives the time for the velocity to become approximately 
constant. When the change of capacity is appreciable, this time is 
shortened. This method, however, gives a safe limit for the begin- 
ning of observations. 

On comparing equation (33) to equation (18) it is seen that the 
quantity 

Cu + ^al^ 

corresponds to the capacity C in that equation. It has been called 
the effective capacity and the value as here found is identical to that 
found by Professor Thomson. This quantity, however, is the effec- 
tive capacity only when the velocity of the needle has become 
uniform.^ It is this capacity that one measures when the divided 
charge method is employed and the change in the deflection of the 
electrometer itself is used.* 

If >fe' be defined by the equation 

where d is the steady deflection, 

^ Strictly speaking, it is the effective capacity when there is no acceleration. It is the 
effective capacity when the needle is moving with uniform speed and also when the 
needle is allowed to come to rest as in the method of measuring charges or capacities. 

*For example, the method given in Rutherford's ** Radioactivity," p. 86. 
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The effective capacity ^ may then be written 

An inspection of equation (33) shows that as the potential of the 
needle is increased the velocity ddldt goes through a maximum 
value. This maximum value is reached, as shown by differentiating 
(33) and equating to zero, when 

Cn-^^^Vi-f^^'Vi- (34) 

The maximum sensibility for current work as the potential of the 
needle is increased, is therefore reached when the effective capacity 
is twice the capacity in the case where the needle is kept at zero 
This however assumes that f^ is constant. It is well known that k 
changes when the potential of the needle becomes large, so that the 
sensibility as indicated by steady deflections passes a maximum as 
V^ is increased. If however the capacity of the apparatus connected 
to the electrometer is small, it may happen that the potential of the 
needle is above the maximum value of current sensibility yet well 
within the maximum for ordinary sensibility. The sensibility for 
current measurement however does not change much with the 
change of the potential of the needle, so that there is no practical 
gain in adjusting the needle potential to this maximum. 

Equation (33) may be written 






The only quantity in this equation affected by changing the sus- 
pension is D the moment of torsion of the suspension. It is obvi- 
ous that while the sensibility of the electrometer for a steady de- 
flection is inversely proportional to D, the sensibility for current 
measurements is not effected as much by changes in D, 

1 It mmy be shown, see Maxwell, 1. c, that 

a = i, 
heoce tlie effective capacity may be written 
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The ratio between the change of the capacity of the electrometer 
due to the motion of the needle and the capacity when the needle 
is stationary can be found experimentally by a simple method. Start- 
ing with the quadrants earthed, one pair is insulated and then con- 
nected for an instant only to some source having a potential F,. If 
this pair has been insulated before the needle moves an appreciable 
amount, the needle will swing around to a deflection d^ If how- 
ever connection to the potential V^ is maintained until the needle 
comes to rest, a deflection d^ is observed. The ratio of this last 
deflection to the other is the ratio of the effective capacity to the 
capacity when the needle does not move. Another method is to 
let the needle take a deflection d corresponding to the potential V 
of the free quadrant. This pair of quadrants is now insulated and 
then grounded for an instant. The needle will not return to 
zero but will take a deflection dy The ratio of the deflection H 
to tfj is equal to the ratio of the effective capacity to the difference 
between the effective capacity and that when the needle is not 
free to move. Both of these statements are readily proven. Ii 
the potential of the other pair of quadrants is always zero and 
, the needle is charged to a potential high compared to that used on 
the quadrants, equation (25) may be written 

If in the first case d be zero and a potential f^ be applied we have 

When the needle moves <2| remains constant and Fj changes to F'. 
The needle will come to rest at 9^ and 

where D^ is the deflection corresponding to a potential V . 
Equating the two left handed members we have 



But 
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Or 



It may be shown in a similar manner that in the second case 

ak!V^' ~^; 

These methods assume that the period of the needle is large 
enough so that a contact can be made and broken before the needle 
moves an appreciable amount. If large deflections are used, errors 
due to the small charge given by contact effects at the make and 
break point are not important. Moreover, if the same metal is used 
for both surfaces of the contact key, as for example, two clean pieces 
of copper wire, the disturbing effect will be insignificant. 

A trial with the electrometer, from which curves shown in Fig. I 
were deduced, gave by both methods the ratio 

^ ^ =2.0. 

V^ was in this case about 100 volts. With this potential of the 
needle the electrometer gave about 600 mm. deflection on a scale 
I meter distant for a difference of potential of one volt 

By using one of these methods with and without the rest of the 
apparatus connected to the electrometer one can compare the 
capacity of the whole to that of the electrometer itself. 

There is a method available for comparing currents in which one 
does not need to wait until the velocity has become uniform. The 
method is to observe the deflection reached in a given time after 
the quadrants are insulated. If the same time interval is used in 
all the observations, the deflection in each case will be proportional 
to the current. This can be seen by an inspection of the equations 
( 1 1), (i 3) and (16). Since A, B and D, and therefore a, ^ and x are 
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constants, d is proportional to £ if a constant value "of t is used. 
But E, see equation (5), is proportional to the current 1. This is 
also true in the general case where the capacity is not a constant 
For in this case the effect is to change D to D\ see equation (30), 
and D' is a constant. This method is of great advantage where 
the readings must be taken quickly. It has the disadvantage that 
with sensitive electrometers the break of the earth connection often 
imparts a slight initial charge to the quadrants. The equations (11) 
(13) and (16) show that the deflection for a given value of/ is not 
proportional to the sensibility of the instrument. For example the 
sensibility varies inversely with D, yet this deflection according to 
these equations will not vary inversely as D, This method has the 
additional disadvantage, that the absolute value of the current can 
not readily be computed, as in the case where one waits until the 
velocity has become uniform. 

The method of comparing or determining the current by observ- 
ing the time required for the needle to move a certain amount does 
not give correct results unless the needle is moving with a uniform 
velocity. 
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STUDIES OF LUMINESCENCE. 
By Edward L. Nichols and Ernest Merritt. 

V. The Luminescence of Sidot Blende.* 

AMONG the substances whose luminescence is sufficiently bright 
for spectrophotometric study Sidot blende, or phosphorescent 
zinc sulphide, seems especially well suited to bring out the relation- 
ships that doubtless exist between different types of luminescence ; 
for not only is this substance excited to luminescence by all known 
exciting agents — light, Roentgen rays, radium rays, cathode rays, 
etc. — but the stimulating effect of heat, and the property possessed 
by the red and infra-red rays 6f suppressing phosphorescence, are 
exhibited in unusual degree. It is for this reason that we have 
chosen this substance for spectrophotometric study. While it is 
our intention to extend this study to all of the various types of 
luminescence whose quantitative investigation is practicable, the 
present communication deals only with luminescence excited by 
light and by Roentgen rays. 

The material used in these experiments was in the form of a 
screen, of the kind frequently used in exhibiting the properties of 
radium and for numerous experiments in which it is desirable to 
have a fluorescent substance in convenient form. The experimental 
methods were similar to those employed in our previous work on 
fluorescence, a Lummer-Brodhun spectrophotometer, with an acety- 
lene flame as a comparison source, being used to measure the intensity 
in different parts of the luminescence spectrum. In certain portions 
of the work special devices were required which will be described 
in their proper place. 

Luminescence Excited by Roentgen Rays. 
The screen was placed in front of the collimator slit of the spec- 
trophotometer at a distance of only a few centimeters, while the 

1 An account of the experiments described in this paper was presented to the Ameri- 
can Physical Society at the Philadelphia meeting December 30, 1904. An abstract 
appeared in the Physical Review vol. 20, p. I2d, 1905. 
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Queen self regulating tube used for excitation was about twenty 
centimeters behind the screen. Roentgen rays of moderate ** hard- 
ness '* were used. No systematic experiments to determine the 
effect of varying hardness upon the form of the luminescence spec- 
trum have yet been made, but a few preliminary tests indicate 
that the effect is not great. Corrections due to fluorescence excited 
in the glass of the spectrophotometer, which we had at first thought 
would be necessary, were found to be negligible. 

The upper curve in Fig. 30 shows the luminescence spectrum 
observed during excitation, while the lower curve shows the distri- 
bution of intensity in the phosphorescence spectrum, observed 5 sec. 
after excitation had ceased. Owing to the weakness of the phos- 
phorescence excited by Roentgen rays, the latter curve was deter- 
mined with some difficulty, the readings at the red end of the 
spectrum being especially uncertain. The indications of a second 
maximum in the phosphorescence spectrum at 0.62 // or beyond 
are therefore not to be regarded as entirely trustworthy. 

Photo-luminescence During Excitation. 
In the experiments upon photo-luminescence during excitation the 
carbon arc was first used as an exciting source. The arrangement 
of apparatus is shown in Fig. 31. The zinc sulphide screen was 




Fig. 30. The upper curve shows the luminescence spectrum of Sidot blende during 
excitation by Roentgen rays. The lower curve shows the phosphorescence 5 seconds 
after excitation. 

placed in a light tight box B, and the exciting light from an arc A^ 
after dispersion by the pris m P, entered the box through an open 



Digitized by 



Google 



No. 4.] 



STUDIES OF LUMINESCENCE. 



249 




Fig. 31. 



ing at the left. A second opening in B allowed the fluorescence 
light to enter the slit of the Lummer-Brodhun spectrophotometer 
Sy The comparison source was an acetylene flame -F whose rayg 
were reflected into the 
comparison slit by the 
block of magnesium car- 
bonate, M, The second 
spectrophotometer, 5j. 
and the shutter C were 
used in later experiments 
on phosphorescence, but 
not in the experiments 
now considered. 

Luminescence was 
excited only by the rays 

t the violet end of the 
a 
arc spectrum, and especially in the region of the violet bands. 

1 1 is to be noted that on account of the absorption of the glass 

prism and lenses the spectrum extended 
only a short distance into the ultra violet. 

Observations taken to determine the 
luminescence spectrum when the zinc sul- 
phide screen was excited by the violet bands 
of the arc are plotted in Fig. 32. Owing to 
the impurity of the exciting spectrum a 
certain amount of blue and green light 
reached the screen even when the attempt 
was made to excite by violet only. Since 
this stray light was in part reflected into the 
slit of the spectrophometer with the lumin- 
escence light of the same color, it was 
necessary to make a correction to remove 
the error due to this cause. The cor- 
rection was determined by replacing the zinc sulphide screen 
by a block of magnesium carbonate, whose surface was of approxi- 
mately the same color and roughness as that of the fluorescent 
screen, and by measuring the light received from the magnesia 




Fig. 32. Luminescence 
spectrum of Sidot blende dur- 
ing excitation by the violet 
bands in the arc. 
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at different points throughout the spectrum. The results of such 
a series of measurements is shown in the lower broken line in 
the figure. It will be noticed that the correction is inappreciable 
for the longer wave-lengths, but becomes important in the violet. 
The upper broken line in Fig. 32 shows the intensity of the light 
reaching the spectrophotometer from the zinc sulphide screen, being 
the combined effect of luminescence and reflected light ; and the 
hejavy curve, obtained by subtracting the ordinates of the lower 
curve from those of the upper, shows the corrected luminescence 
spectrum during excitation. 

The curves in Fig. 32, like those published in our previous 
papers on luminescence, are expressed in terms of the acetylene 
flame as a standard. In other words, each ordinate represents the 
ratio of the intensity of the luminescence light, of the particular 
wave-length considered, to the intensity of the Hght of the same 
wave-length from an acetylene flame ; the curves are not energy 
curves. Since, however, the distribution of energy in the visible 
spectrum of the acetylene flame is now known,* curves showing the 
energy distribution in luminescence spectra may readily be com- 
puted if desired. 

When the screen was excited by the arc as described above no 
trace of the violet luminescence, which had been so prominent with 
Roentgen ray excitation, could be observed. It seemed not un- 
likely, however, that the absence of the violet band was due to the 
fact that the ultraviolet rays suitable for exciting it had been 
removed from the light from the arc by the glass prism and lenses 
of the dispersing system. We therefore rearranged the apparatus 
so as to use a quartz prism and quartz lenses, while a spark 
between metal terminals was substituted for the arc. Since the 
excitation in the region studied was solely by ultraviolet rays that 
were incapable of passing through glass, it was a simple matter to 
test for errors due an impure spectrum, or to any other source of 
stray light, by inserting a piece of glass in the path of the exciting 
rays. This test showed that stray light was in no case present in 
appreciable amount. 

1 Nichols, Standards of Light, Proc. International Electrical G>ngress at St. Louis, 
1904. Physical Review, vol. XXL, p. 147, 1905. 
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This ultraviolet excitation developed strong fluorescence in the 
extreme violet, similar in color to that produced by Roentgen rays. 
But the green band that had been excited by the visible rays of the 
arc was relatively very weak. In spite of its faintness, however, the 
presence of the green band in the luminescence light could be 
readily detected, for while the violet luminescence died out almost 
immediately when excitation ceased, the green persisted as a slowly 
decaying phosphorescence observable for several minutes. 

The similarity between the effects of ultraviolet light and those of 
Roentgen rays as exciting sources is worthy of note. In each case 
the chief luminescence is in the extreme violet, and is of short 
duration. But in each case also this is accompanied by lumi- 
nescence in the green, which is relatively faint but of long duration. 
As is illustrated in numerous other cases, the Roentgen rays, when 
comparable at all with rays of light, are rather to be compared with 
ultraviolet light than with the rays of the visible spectrum. 

The agreement between the luminescence spectrum excited by 
Roentgen rays and that observed in the case of ultraviolet excita- 
tion is not exact. We are of the opinion that the difference is due 




Fig. 33. Fluorescence spectrum of Sidot blende when excited by the ulira-violet 
rays of the iron spark (Curves I. and II.), by the ultra-violet of the magnesium spark 
(Curve III.), and by the Roentgen Rays (Curve IV.). 

to the fact that the violet luminescence does not consist of one band 
only, but of at least two, which are excited by Roentgen rays and 
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ultraviolet light in different relative intensity. The matter will be 
made clear by reference to Fig. 33. Curve I. shows the lumines- 
cence spectrum when ultraviolet rays from the iron spark were used 
for excitation. The rays used were those giving most intense 
luminescence, and did not lie much beyond the edge of the visible 
spectrum. The shape of this curve suggests that it is made up of 
two overlapping bands, one haying a maximum not far from 0.48 //, 
while the other has its maximum near 0.42 //. In Curve II. the 
exciting light was at the extreme ultra end of the iron spectrum, 
and in Curve III. the magnesium lines near 0.33, a were used in 
excitation. In these curves also there is every indication that the 
spectrum consists of at least two bands. 

Unfortunately we have not been able to separate the bands more 
completely. It is. to be remembered that the resolving power of a 
spectrophotometer is at the best small, and that in experiments of 
the kind here described the small intensity of the light studied 
prohibits the use of a narrow slit. Luminescence bands may some- 
times be separated by a proper choice of the exciting light. In the 
case of Sidot blende the green band is very readily obtained alone 
by using the carbon bands of the arc for excitation. But the two 
violet bands in the luminescence of this substance are so close 
together that their regions of excitation appear to overlap through- 
out nearly their whole extent. The most that we were able to do 
was to show that ultraviolet rays of different wave-length produced 
different relative intensities in the two bands, as illustrated by Curves 
I. and III. of Fig. 33. 

The broken line, Curve IV. of Fig. 33 shows the luminescence 
spectrum excited by Roentgen rays. This is the same curve that 
appears in Fig. 30, and is introduced in Fig. 33 to make possible 
convenient comparison of the effects of ultraviolet light and Roentgen 
rays. It will be observed that each of the curves in Fig. 33 might 
well result from the superposition of three bands, whose maxima lie 
approximately at 0.42 //, 0.48 // and 0.51 //. In the Roentgen ray 
luminescence the green band is relatively stronger than in the case of 
excitation by ultra-violet light, while the band at 0.48 // appears to 
be entirely absent. In the luminescence produced by the magnesium 
spark (Curve III.) the green band, while still observable, is not so 
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Strong as in Curve IV., while the band at 0.48 /i is readily detected. 
Curves I. and II. (iron spark) show scarcely any trace of the green 
band, but the bands at 0.48 /i and at 0.42 /u are well marked. 

Failure of Stokes* Law. 

As already stated, the green band is most brilliantly excited by the 
violet, although rays from all parts of the ultraviolet spectrum are 
also capable of producing a considerable eflect. We thus see that 
there is the same general relation between the position of the lumi- 
nescence spectrum and that of the exciting light as in the case of 
fluorescence. In all the cases of fluorescence thus far studied we 
have found that the two spectral regions overlap. It therefore 
seemed interesting to see whether the same is true in the present 
case. 

To settle this point it was necessary to use in excitation a far 
purer spectrum than that employed in our other experiments with 
Sidot blende. The rather crude dispersing system shown in Fig. 
3 1 was therefore replaced by a large spectrometer. A spectrum of 
the arc was thrown on the collimator slit by the aid of a prism and 
single lens, and after a second dispersion in the spectrometer, light 
reached the phosphorescent screen as a sharply focussed band. 
Using the shutter described below so as to observe the phosphor- 
escence immediately after the exciting light was cut off, and making 
observations with the unaided eye instead of with the spectrophotom- 
eter, it was found that phosphorescence was unquestionably present 
for exciting light lying between 0.470 // and 0.497 //. Since the 
phosphorescence spectrum can readily be followed beyond 0.46 p. 
there appears to be the same violation of Stokes' law in the phos- 
phorescence of Sidot blende that we have previously found in the 
case of fluorescence. 

Phosphorescence Spectrum During Decadence. 

Although the phosphorescence of Sidot blende can be detected in 
a dark room for several hours after excitation has ceased, it remains 
sufficiently bright for spectrophotometric measurement only for a 
few seconds. In order to determine the law of decay for different 
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wave-lengths and espedally to determine the change, if any, in the 
phosphorescence spectrum during decay, the following procedure 
was followed : • 

A shutter, shown by the broken line Cin Fig. 31, and sliding 
upon vertical guides, was attached to the box containing the phos- 
phorescent screen. When this shutter was raised it permitted the 
exciting light to enter the box, as in the experiments just described, 
but at the san^ time closed the opening in front of the collimator 
slit. When the shutter was dropped it first cut off the exciting 
light and then, a moment later, opened the window in front of the 
collimator. The observer was in this way protected from the bril- 
liant luminescence produced during excitation, but was enabled to 
observe the phosphorescence immediately after excitation had ceased. 
The comparison slit being set to some suitable reading, the observer 
recorded upon a chronograph the instant when the two parts of the 
spectrophotometer field appeared equally bright. By means of a 
suitable electric contact on the shutter a record was also made at 
the time when the exciting light was cut off. In this way the time 
required for the phosphorescent light to fall from its initial value to 
any given final value could be conveniently measured. 

The determination of the instant when the rapidly changing phos- 
phorescence became equal to the constant comparison light would 
at first appear to be a difficult observation, and one not capable of 
great accuracy. As a matter of fact these observations were fully 
as reliable as ordinary spectrophotometric settings, and at these 
low intensities far less trying to the eye. 

The most serious difficulty encountered in these measurements 
arose from the unsteadiness of the exciting light. When constancy 
is essential the arc, even under the best of conditions, leaves much 
to be desired. After numerous unsuccessful attempts to obtain 
steady conditions we abandoned all special efforts to keep the excita- 
tion constant, and arranged to make observations only when the 
exciting light, either by adjustment or by accidental fluctuation, 
had reached a certain definite intensity. In order to accomplish 
this a second spectrophotometer {S^\x\ Fig. 31) was used. Light 
from the luminescent screen was thrown into the collimator by means 
of a mirror as shown in the figure. The comparison light came 
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from the acetylene flame F after reflection from a mirror and a 
block of magnesium carbonate not shown in the figure. One observer 
at the eyepiece of 5^ waited until the intensity of fluorescence reached 
such a value as to give equality of the two fields, and then, with 
suitable warning, dropped the shutter C, The second observer at 
S^ then made a chronograph record as before described. Numerous 
determinations, often twenty or more, were made in this way for 
each point of the curves described below. 

A preliminary set of measurements in which the duration of ex- 
citation was varied from 3 sec. to 30 sec. showed no variation in 
the time of decay. We conclude that the full effect of the excit- 
ing light is produced in less than 3 sec. In the subsequent experi- 
ment the duration of excitation was never less than 5 sec. 

Table I. 

Giving the observed time, in secondsy during which the phosphorescence fell from its 
initial intensity to the intensity given at the top of the column. 
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The results of one set of determinations made in this way are 
given in Table I. and are plotted in Fig. 34. In Curve I. the 
width of the comparison slit v^as kept at 100 divisions of its mi- 
crometer screw, and the time required for the phosphorescence of 
any given wave-length to fall from its initial value to this intensity 
was determined as described above. The curve is obtained by 
plotting wave-lengths as abscissas and times as ordinates. In 
Curve II. the width of the comparison slit was 60 divisions ; in 
Curve III., 30 divisions ; and in Curve IV., 10 divisions. Obser- 
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vations made at 5 divisions are not included on the plot. . Points 
lying on the horizontal axis in Fig. 34 were located by determining 
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Fig. 34. Curves showing the time required for the phosphorescence to fall from its 
initial intensity to a given final intensity. The final intensity is kept constant through- 
out each curve. 

by trial the wave-length for which there was a balance in the spec- 
trophotometer the instant after 
dropping the shutter. These 
points are probably somewhat 
less reliable than the others. 

The significance of these re- 
sults is better shown by plotting 
them in a different way. In Fig. 
35 wave-lengths are plotted as 
abscissas as before, but intensi- 
ties, instead of times, are plot- 
ted as ordinates. Each curve 
in this figure shows the distri- 
bution of intensity in the phos- 
phorescence spectrum at some 
definite time after the removal 
of the exciting light. 

No curves have been plot- 
ted for intervals of more than 
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Fig. 35. The phosphorescence spectrum 
of Sidot blende at different times after (he 
removal of the exciting light. 
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1.7s sec. after excitation had ceased, since our data furnished 
so few points for the later curves that their form would be largely a 
matter of conjecture.^ As already stated, however, a curve of the 
type shown in Fig. 34 was determined for an intensity of 5 divisions. 
The maximum ordinate of this curve was 10. i sec. and occurred at 
o. 506 fi — /. e,, at the same wave-length as in the case of the curves 
shown in 34. Comparison with Fig. 32 shows that the maximum 
of the luminescence spectrum during excitation also occurs at this 
wave-length. In the case of the green band of Sidot blende we 
conclude therefore that the maximum of the fluorescence spectrum 
occurs at the same wave-length as that of the phosphorescence 
spectrum ; and that no change that could be detected by our 
apparatus occurs in the position of this maximum for ten seconds 
after excitation has ceased. 

Fig. 35 also shows that if any change occurs in the form of the 
phosphorescence spectrum during decadence, this change is ex- 
tremely small. In other words the different wave-lengths of the 
phosphorescent spectrum decay at the same rate. Table II. will 
show to what extent this conclusion is justified by the data. Each 
column of this table refers to the wave-length stated at the top, and 
in it are tabulated the intensities for this wave-length at different 
intervals after the end of excitation, these intensities being expressed 
in terms of the intensity at the end of 1.75 sec. as unity. If the 
phosphorescence spectrum remains absolutely unaltered during 
decay, all the numbers in this table that lie in a given horizontal 
line should be equal. 

Table II. 

Intensity of Phosphorescence at Different Intervals After Excitation Had Ceased^ Ex- 
pressed in Terms of the Intensity at the End of 1.75 Sec. 
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1 In a series of observations of the kind recorded in Fig. 34 the number of points that 
could be located was limited both by the difficulty of maintaining constant conditions 
during the three or four hours of observation, and by the endurance of the observer's 
eye. 
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The numbers in Table II. corresponding to 0.0 sec. are uncer- 
tain ; first, because the observations by which the initial phosphor- 
escence was determined were themselves especially uncertain ; and 
second, because the steepness of the curve (Fig^ 35) in the neighbor- 
hood of 0.48 n and 0.54// would cause a slight change in the man- 
ner of plotting to produce a large change in the ordinates at these 
wave-lengths. If the ratios tabulated for 0.0 sec. are left out oi 
consideration, the agreement between the remaining ratios, at 0.5 
sec. and i.o sec. is as close as could be expected. We conclude 
that, although there is some indication of more rapid decadence at 
the ultra edge of the phosphorescence spectrum, the probability is 
that all parts of the spectrum decay at the same rate, and that the 
form of the phosphorescence spectrum remained unchanged. 

While the result obtained in this one case is not sufficient to 
establish a general law, we are nevertheless of the opinion that the 
behavior of Sidot blende is typical, and that in no case of phos- 
phorescence is there any change in the form of the spectrum during 
decadence. In complex cases of phosphorescence we do not imply 
by this that the phosphorescence spectrum as a whole remains un- 
changed in form, but rather that the distribution of intensity in each 
band is unaltered. If the phosphorescence consists of several 
bands, it is to be expected that the different bands will decay at 
different rates. In fact Sidot blende itself furnishes an extreme 
illustration of this, for the violet bands die out in one or two tenths 
of a second, while the green band persists for hours. 

Numerous cases in which the color of a phosphorescent sub- 
stance seems to change as the phosphorescence dies out at first 
appear to contradict this view absolutely. We think, however, 
that all cases of this kind may be shown to belong to one of the 
two following classes : 

I. Cases of real color change. For example, anisic acid at low 
temperatures, where the phosphorescence changes from blue to 
greenish yellow.^ Such cases are probably due to the presence in 
the luminescence spectrum of several phosphorescence bands, which 
decay at different rates. In the case of anisic acid the results would 
be explained by the presence of a brilliant but rapidly decaying 
» Nichols and Merritt, Physical Review, vol. 18, p. 355, 1904. 
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band in the blue, and a persistent band of smaller initial intensity 
in the yellow. 

2. Cases where the apparent change in color is due to the fact 
that the color sense. in the eye is either weak or entirely absent at 
low intensities. At very low intensities all colors appear to the eye 
as gray. However brilliant may be the color of the phosphorescence 
light initially, it loses this color and changes to a gray or faint white 
as it becomes fainter. But such a change as this is in the retina, 
and does not indicate any change in the phosphorescence spectrum. 
We are convinced that the use of the unaided eye in the study of 
luminescence may lead to serious errors. 

It is interesting to note that attention was called to both of these 
causes of change of color during decay by the elder Becquerel.^ 

The data of Table I. might also be used to study the law of 
decay of phosphorescence, /. e,, the relation between intensity and 
time. More reliable results are obtained, however, by studying 
one wave- length at a time, since the data necessary for plotting a 
decadence curve may in this case be obtained more quickly and are, 
therefore, less liable to error due to fluctuating conditions. Ex- 
periments dealing with the law of decadence and with the effect of 
infra-red radiation upon phosphorescence will be described later. 

J Ed. Bccquerel, C. R., vol. 49, p. 27, 1859; Ann. de Chemie et de Physique. 
Series 4, vol. 62, p. 20, 186 1. 
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THE JOULE-THOMSON EFFECT IN CARBON- 
DIOXIDE. I. EXPERIMENTAL. 

By Frederick E. K ester. 

Historical Summary. 

THE original Joule experiments, the aim of which was the deter- 
mination of the amount of work done against the forces of 
intermolecular attraction when a gas expands without doing ex- 
ternal work, were performed in 1844.* The apparatus, used by 
him, consisted of two copper flasks, each of about 2.2 liters capacity, 
joined by a pipe and a stop-cock, which opened or closed the con- 
nection between them ; the whole was submerged in a water calorim- 
eter. The air having been removed from one of the flasks by 
pumping to a very low pressure and the test gas having been 
pumped into the other to a high pressure, it. is evident that, upon 
opening the stop-cock, the expansion of the gas to twice its original 
volume, took place without the performance of external work. 
Any fall or rise in the temperature of the gas as a whole must have 
meant a decrease or an increase in the kinetic energy of its molecu- 
lar motions with an equal increase or decrease in the potential 
energy of molecular separation. But, in spite of the facts that 
initial pressures as high as 22 atm. were used and that the calorim- 
eter was so shaped that the water used was reduced to the small- 
est allowable amount, no noticeable change in the temperature of 
the bath occurred. It must be regretted that this apparatus cannot 
be made sensitive enough to measure the amount of energy changed 
from one form into the other during the expansion, for here the 
effect sought is a pure one — no part of the internal energy is ex- 
pended in external work — an advantage which no other form of 
apparatus possesses. 

It was during a report by Joule, upon these experiments, before 
the Royal Society in 1 844, that Thomson became interested in the 

I J. P. Joule, Phil. Mag. (3), 26, 369, 1845 ; Joule's Scienlific Papers, I., 172. 
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problem ; to him is due the porous plug form of apparatus. With 
it the method employed is to maintain constant gas pressures on 
the two sides of a plug of porous material, packed tightly into a 
short length of the gas path. The flow through the plug is then a 
steady one, of such character that practically no work is done in 
giving the gas a kinetic energy due to an increase in its stream 
velocity — the flow is a diffusion process. Here, however, the ther- 
mal effect obtained is no longer a pure one ; the difference in the 
temperatures of the gas before it enters and after it leaves the plug 
is due both to the work done against molecular attractions and to 
the difference between the values of the product / z; (/ = pressure ; 
V = specific volume) which exist on the two sides of the plug. 
This difference is the difference between the amount of work done 
upon one gram of the gas in forcing it into the porous plug and the 
amount done by one gram of the gas as it leaves the plug. The 
product /• 7^ will have different values on the two sides of the plug, 
not only because the particular gas in use does not follow Boyle's 
law ; the difference in temperature, caused by the change in the 
potential energy of the molecules, will of itself establish a difference 
between the values of the product. Just how large a fraction of 
the total thermal effect this external factor may become in special 
cases will be shown later in a discussion of experimental results. I 
speak of it here at some length in order to make as clear as possible 
the errors which are liable to affect any theoretical discussion involv- 
ing (implicitly or explicitly) a separation of the total observed thermal 
effect into its component parts ; although the whole may have been 
measured with considerable accuracy, it may not be possible to make 
this separation with the same nicety. 

The series of researches carried on by Joule and Thomson,' with 
the porous-plug form of apparatus, extended through the years from 
1852 to 1862,- and included work on air, oxygen, nitrogen, carbon 
dioxide, hydrogen and mixtures of two or more of these. 

Following the same principle which underlies the porous-plug 
experiment, Hirn ^ made a series of observations upon the cooling 

> Joule and Thomson, Phil. Mag. (4), 4, 481, 1852; Phil. Trans., 143, 357, 1853; 
Phil. Trans., 144, 321, 1854; Phil, Trans., 152, 579, 1862; Joule's Sci. Pap., II., 
216; Kelvin's Math, and Phys. Pap., I., 333. 

«G. A. Him, Thiorie Mech. de la chaleur (3 6d.), II., 387. 
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effect experienced by steam (in both the saturated and superheated 
states) when it expands from various pressures to atmospheric 
pressure. The expansion in these experiments did not take place 
through a porous-plug, but through a small opening into a large, 
well-jacketed space ; in order to destroy (partially at least) the high 
stream velocity resulting from the free expansion, the steam was 
made to impinge upon a flat surface placed only a short distance in 
front of the opening through which it expanded. 

Then, returning to the original form of apparatus used by Joule 
— that of the double flask — Cazin* performed a number of experi- 
ments upon air, carbon dioxide and hydrogen. In his work, 
although the form of apparatus was essentially the same as Joule's, 
the method of experiment was very different and much more com- 
plicated. In its main features the method was as follows: With 
the large stop-cock between the flasks open, the pressure of the 
contained gas was measured by suitable manometers, and the 
temperature, brought to the same value in the two chambers, was 
observed. The stop-cock was closed, a part of the gas was pumped 
from one flask into the other and the flasks and contained gas were 
brought to the original temperature, under which conditions the 
new pressures were measured. Then with the stop-cock wide 
open, the gas was allowed to expand suddenly from the one flask 
into the other ; as soon as the pressures had become equal the cock 
was closed, and a series of pressure and time readings were taken 
while the temperatures were brought again to the original value. 
Finally the stop-cock was opened, the temperatures were brought 
a fourth time to the same original value and the common pressure 
was measured. By this last step any loss of gas, which may have 
occurred during the pumping or expansion, could have been de- 
tected. The pressure and time readings were used to indicate the 
value of the common pressure at the time of opening the stop- 
cock; the knowledge of this pressure completed the data, from 
which the state of the gas at each step was determined. The whole 
process could then be subjected to thermo-dynamic analysis. The 
relation between this method of procedure and that of Joule's will 
be readily understood by observing that Cazin measured (implicitly) 

1 A. Cazin ; Ann. de Chim. et de Phys. (4), 19, 5, 1870. 
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the changes in temperature of the gas by means of the pressure 
changes. On account of numerous complications the results of 
these experiments are open to serious criticism, and in the later dis- 
cussion of the results of the various researches they will not be 
considered. 

From the time of Cazin's work no other experimental results 
upon this problem appeared until those of Natanson^ were pub- 
lished in 1887. His work was done with the porous-plug form of 
apparatus, the same in all important features as that of Joule and 
Thomson. Natanson's observations were made upon only one gas, 
COj, and at room temperature. The method of procedure was to 
keep the difference of the pressures on the two sides of the plug 
very nearly the same (about one atmosphere) in all of his experi- 
ments and to vary the initial pressure of the gas at will, whereas in 
the Joule-Thomson researches the pressure behind the plug was 
kept the same (barometric pressure) and the pressure in front varied. 
The highest pressure used by Natanson was nearly 25 atm., and 
between the lowest and this highest pressure he found a decided 
dependence of the cooling effect of COj upon pressure, whereas 
Joule and Thomson had been unable to detect (up to 6 atm.) any 
such dependence in the case of any gas. Natanson, in the report 
on his work, lays special emphasis upon the remarkable purity of 
the gas used in his experiments, and criticises the Joule-Thomson 
results on this ground, though the criticism as made is not a fair 
one. 

In 1898 Witkowski' published a report on the determination of 
the cooling effects in air when it was allowed to expand through a 
series of porous plugs spaced along a considerable length of tube. 
Nothing but a review of this article has been available in the libra- 
ries consulted; consequently no judgment can be given here con- 
cerning the value of the results. 

More recently a very interesting determination of the inversion 

temperature of the Joule-Thomson effect in hydrogen was made by 

Olszewski.* The expansion in this case took place through a small 

»E. Natonson, Wied. Ann., 31, 502, 1887. 

« A. W. Witkowski, Rozprawy der Krakauer Akad., math-naturw. Klasse, 35, 282, 
1898; BeibUtter, 23, 411, 1899. 

'K. Olszewski, Ann. d. Phys., 7, 818, 1902. 
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opening into a large space in which the jets and eddies were dis- 
sipated into thermal (molecular) motions, as in Hirn*s experiments. 
In the expansion chamber was placed a delicately constructed 
platinum thermometer coil, and this chamber together with the 
spiral tube which led the hydrogen to the small jet-opening was 
submerged in a cooling bath. The temperature of the bath was so 
adjusted that, after all parts of the apparatus had reached the 
proper thermal condition and the jet was opened, no change in the 
resistance of the platinum coil could be detected. 

The present research, the results of which are to be described in 
this paper, was undertaken at the suggestion of Professor Nichols. 
It was started in the past academic year (1903-4) in ]^rofessor 
Voigt's division of the Physical Laboratory in Gottingen and the 
results of this preliminary part of the work were published in Janu- 
ary of this year.* The general arrangement of apparatus, both in 
Gottingen and in Ithaca, has been in principle the same as that of 
Joule and Thomson and of Natanson. One essential difference lies 
in the use of thermo-electric junctions placed in the gas path, 
instead of thermometers, for the measurement of the temperature 
changes. Various important alterations, in the present apparatus, 
from the design and from the method of manipulation of last year 
will be mentioned below. 

I shall express here my sincere thanks for the valuable sugges- 
tions and for the kindly encouragement and direction given to me 
by Professor Nichols and Professor Merritt. I wish also to thank 
Professor Moler for many suggestions as to the construction of 
apparatus. Nothing in my work has been more pleasant than the 
uniformly courteous treatment which I have found throughout the 
department. 

Description of Apparatus. 

A general diagram of the apparatus is given in Fig. i. The gas 
was obtained in the usual COj cylinders which contain about 20 
pounds of liquid COg. This quantity is equivalent to 4,500 or 4,600 
liters of gas under normal conditions. The great advantages of 
such a source lies in the high pressures and in the steadiness of the 
pressure under which the gas is delivered from them : at room tem- 

»F. E. Kester, Phys. Zcitschr., 6, 44. 1905. 
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perature the vapor pressure of CO^ is 55-60 atm. In order to 
avoid a great decrease in the temperature of the liquid, due to 
evaporation, the cylinders were placed in a water bath while in use ; 
this was especially necessary when the determinations were made at 
high pressures, for then the quantity of gas delivered to the appar- 
atus was very great. 

The water vapor, carried along with the gas, was removed by 
calcium chloride contained in the U-shaped drying tube. Exami- 
nation of the drying material, when it was thought advisable to 
inspect the condition of the tube, left no doubt as to the thorough- 
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Fig. 1. 

ness of its action ; the chloride in the last branch of the tube seemed 
perfectly dry, and was easily shaken out ; that in the first branch 
(at least that in the top part) was somewhat moist ; how far down 
this state of affairs extended could not be discovered for the material 
could not be shaken out. The tube was washed out, thoroughly 
dried and refilled with fresh chloride. 

The control valve through which the gas next passed is well 
adapted, by its form of construction, to this use. Its needle is 
small — about 2.5 mm. in mean diameter — and only slightly coni- 
cal. The regulation of the pressure in the part of the apparatus 
beyond it could be made with considerable nicety by means of a 
short lever arm attached to the hand-grip of the valve. 

From the valve, the gas next passed into the small cylinder which 
served as a pressure equalizing reservoir. Its capacity is 4.3 liters ; 
the volume of this part of the apparatus — from valve to valve — is 
very nearly 5 liters. 
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The copper tube, which led the gas from the equalizing chamber 
up to the porous plug is lo mm. in inner diameter, 1.25 mm. in wall 
thickness and about 8 m. long. Before it was wound into spiral 
form its complete length was threaded with long, spiral, steel lathe- 
turnings. This was done to break up the possible formation of any 
well defined stream lines, which would prevent the gas from coming 
thoroughly into contact with the walls of the tube. The mass of 
water in which the spiral was submerged was about 100 kg. 

After passing through the plug the gas escaped through the second 
needle valve into the open. 

The construction of the nozzle, in the middle of which the porous 
plug is held, is shown in detail by Fig. 2. The same plug was used 
for all the experiments of this year's work ; it contains 3.4 g. of 
clean cotton fiber, compressed between two thin perforated disks 
of steel into a space 1 5 mm. in diameter and 24 mm. in height. 
The material immediately surrounding it is the red " vulcanized 
fiber ** which is found so useful in electrical construction. It is infe- 
rior to hard rubber in heat insulation, but rubber could not be con- 
sidered for this purpose because it becomes semiplastic long before 
it reaches the temperature of boiling water. The small tube which 
holds the upper steel disk in place is also of this same material. 
The steel cylinder, which surrounds the vulcanized fiber nozzle, is 
provided with screw caps as shown ; lead washers are used in pack- 
ing the joints. The thermo-electric junctions are made of steel and 
constantan wires 0.18 mm. in diameter and are carried by plugs of 
vulcanized fiber. The wires are cemented in place with a mixture 
of litharge and glycerine — a cement which serves remarkably well 
for such purposes. The plugs themselves are held hard upon the 
seats, cut for them in the steel cylinder, by means of steel encircling 
rings, each of which is provided with a slot on one side and a set 
screw diametrically opposite. Pressure tubes lead into the gas path 
at points indicated in the drawing ; one is joined to the pressure 
gauge (see Fig. i) ; the others to the mercury pressure-differenee 
manometer. Finally the two oil cups, one surrounding the lower 
part of the nozzle, the other the upper part, are held in place as 
shown. Each of these baths as well as the large water bath is pro- 
vided with a stirrer j a small motor furnishes power for all of them. 
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Electrical heating coils were used in the varioifs baths to maintain 
constant temperatures when determinations were made above room 
temperature ; ice, in the large water bath, and copper tubes, in the 
oil baths, through which cold salt-water flowed, were used in the 
determinations at 0° C. 

• This part of the apparatus is in design quite different from the 
nozzle used last year in the preliminary part of this research. The 
changes were made in order to accomplish (i) observations at higher 
temperatures than would have 
been possible of attainment 
with hard rubber ; (2) the in- 
sertion of the thermal junc- 
tions into place without the 
necessity of unsoldering and 
resoldering after they had 
been calibrated ; (3) a definite 
control of temperatures about 
the two parts of the nozzle. 

The whole apparatus was 
designed to work up to a pres- 
sure of 50 atm. with a factor 
of safety of at least 2 in all 
parts. The highest pressure 
at which determinations were 
made was 41 atm. 

A set of the usual gas an- 
alysis pieces was used to de- 
termine the amount of im- 
purity in samples of the gas 
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Fig. 2. 



taken from the apparatus after a determination was finished. A 
solution of KOH was used to absorb the COj and the residue was 
then measured. 

The electrical circuits are shown diagrammatically in Fig. 3. The 
method involved is that of the potentiometer somewhat modified. 
The two thermo-electric junctions in the gas path constitute a couple 
for the measurement of the difference of temperatures above and 
below the porous-plug; the junction in the bath and one of the 
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Others serve to measure the difference between the bath temperature 
and the gas temperature. The steel wires / are brought to a com- 
mon junction ; the constantan wires Care joined one to each of the 
three wires which lead to the switch 5 and to the potentiometer 
wire AB, To avoid, as far as possible, junctions between dissimilar 
metals all lead wires and the wire AB are of constantan ; an im- 
portant advantage results also from the fact that the resistance of 
AB remains constant even though the room temperature vary con- 
siderably. 

The closed circuit, of which the potentiometer wire is a part, con- 
sists of a dry cell as a source of current, a variable resistance (part 
of which is a liquid resistance for fine adjustment of current strength). 
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. Fig. 3. 

the potentiometer wire AB and a Weston voltmeter used as an 
ammeter. The sensitiveness of this instrument is such that a full 
scale deflection is caused by a current somewhat less than o.oi amp. 
In order to use it in the circuit, a connection is inserted so that the 
current flows through only the moving coil (of about 70 ohms 
resist.). 

The switch 5 deserves special notice. In circuits where the 
electromotive forces are as small as those which are handled here 
(the greatest value of the e.m.f. in this part of the circuit during 
observations was about 0.00007 v., and the aim, during the con- 
struction of the circuits, was to keep the stray e.m.f *s within one 
five-hundredth of this maxim) no ordinary form of switch can be 
used satisfactorily even when extreme care is taken in the thermal 
isolation of the working parts. The construction of the switch is 
shown in Fig. 4; an ordinary three-way glass stop-cock was used 
for the purpose, and mercury serves as the conducting material. 
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No description will be necessary to make the drawing clear, unless 
it be such as will call attention to the precaution of sealing thin- 
walled glass tubes onto the heavy ones where they entered the 
mercury jacket. The three constantan wires 
which lead to the switch enter the tubes 
from above and dip into the mercury. This 
use of stop-cocks as electrical commutators 
and switches is due to des Coudres.* 

The galvanometer G is of the moving coil 
type, It is the one which was constructed 
in this laboratory by White and was fully 
described by him last year in this Review.^ 
At all soldered junctions, even where wires 
of the same metal joined and especially 
where dissimilar metals joined, precautions 
were taken to keep corresponding junctions 
at the same temperature. But in the gal- 
vanometer different materials were used in 
the various parts, and this precaution could 
not readily be taken. Trouble from this 
source was avoided by using a piece of con- 
stantan wire as a short-circuiting key K. 
With 5 open and K closed, a deflection of 
the galvanometer needle usually occurred ; 
the steady reading of the galvanometer with 5 and K in these posi- 
tions was taken as the zero point of the apparatus at the time. A 
long study of the circuits showed that, with a pair of the steel- 
constantan junctions submerged in the same bath of mercury as near 
each other as possible, with no current flowing in the potentiometer 
wire AB and with 5 properly closed, the galvanometer deflection 
never differed from that obtained by opening 5 and closing K as 
much as the maximum error, mentioned above, would allow. This 
method of taking the zero point was. therefore, justified. 

*Th. des Coudres, Wied. Ann., 43, 673, 1891. 
«W. P. White, Phys. Rev., 19, 305, 904. 
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Calibration. Manipulation. Sources of Error. 

No great amount of care was necessary in order to measure gas 
pressures and pressure differences with sufficient accuracy. The 
observations of .last year upon CO, at room temperature, showed 
that the dependence, if any, of the thermal effect upon pressure is 
so slight that the use of a pressure gauge with even tolerably large 
scale errors would have been allowable, provided that the mechan- 
ism be delicate enough to indicate small changes in pressure. The 
instrument used in the present apparatus has a range of 1,000 lbs. 
per sq. in. and a least count of 4 lbs. ; motions of the pointer cor- 
responding to pressure changes of 0.5 lb. could readily be detected 
and slight tappings on the gauge insured a corresponding freedom 
of motion of the mechanism. 

The mercury pressure-difference manometer was read by means 
of clips which fit nicely to the glass tubes and reach over to a 
wooden meter bar between the tubes. An error of as much as i 
mm. in the determination of a total height of mercury of 700 or 
800 mm. would have been less serious than the errors which could 
not be avoided in the temperature measurements. 

Each of the three baths was provided with a Baudin thermometer 
of 100° range subdivided to fifths of a degree ; readings to fiftieths 
could easily be made. The stem of each one was calibrated 
throughout its length and corrections were calculated from this 
calibration and from determinations of the fixed points. The ther- 
mometer in the large bath was always submerged to a point only a 
little below the top of the mercury thread ; therefore no stem cor- 
rection (due to a difference between the temperature of the stem 
and that of the bath) was necessary for this one. Auxiliary ther- 
mometers were tied to the stems of the other bath thermometers 
and stem corrections, calculated from the readings of the auxiliaries 
and from the lengths of mercury threads out of the baths, were 
applied. 

The first step made in the calibration of the electrical part of the 
apparatus was to check the accuracy of the Weston instrument 
scale at small intervals. This was done with the aid of a poten- 
tiometer. The departures of the ammeter readings from a propor- 



Digitized by 



Google 



No. 4.] JOULE-THOMSON EFFECT IN CARBON DIOXIDE, 27 1 

tionality to the strengths of current which produced them was in 
no case greater than 0.2 of a scale division. 

In the calibration of the thermal junctions three Baudin ther- 
mometers, each of 12° range, subdivided to fiftieths of a degree, 
and a Golaz thermometer, of similar construction, were used. The 
Baudin thermometers (o°-i3°, 12^-23°, 22°-33®) were sent to the 
National Bureau of Standards for comparison with the standard 
thermometers of that institution. After their return to this labor- 
atory the Golaz was carefully compared with the Baudin of i2°-23° 
range and these two were used in the actual calibration of the 
working thermal junctions. By means of a magnifying eye-piece, 
which was made for this purpose, thermometer readings were esti- 
mated to o°.ooi ; errors due to jumping of the mercury threads 
were avoided as far as possible by taking readings while the tem- 
peratures were slowly rising. 

It was, of course, not to be expected that accuracy such as this 
could be attained in baths when the temperatures were far from 
that of the room, and as the junctions were to be used in determi- 
nations at temperatures from 0° to 100° some method was neces- 
sary by which a careful calibration at room temperature could be 
extended. This was done by use of an auxiliary thermal couple 
(the working junctions could not be used on account of the length 
of wires necessary). One junction of the couple was kept at 0° C. 
while the other was carried over the range of temperatures from o® 
to 100°. For this part of the calibration the potentiometer wire 
{AB of Fig. 3) was made of such length that the points D and E 
were 100 cm. apart. The resistance of this length of wire having 
been measured and the constant of the ammeter being known, it 
was possible to reduce the ammeter readings to micro-volts. The 

parabola 

e^at + b'fi 

was then fitted to the observations. The third column of the fol- 
lowing table gives the e.m.f.'s calculated from this equation with 
a =50.8^ and * = 0.021^. The significance of the columns of 
residuals will be better understood when it is stated that one tenth 
of an ammeter division is equivalent to about 4 micro-volts of 
thermo-electromotive force. 
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Temperature 
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965 


' 962 


+3 


0.08 


3.0 (?) 


4 


-1 


2.07 


101 


105 


-4 


2.14 


102 


108 


-6 


7.23 


2f^ 


369 


-5 


7.29 


367 


372 


-5 


7.40 


375 


377 


-2 


11.77 


5% 


1 601 


-5 


11.80 


601 


603 


-2 


11.81 1 


601 


603 


-2 


21.27 


1,091 


1,091 




21.24 ' 


1,087 


1,089 


-2 


21.20 1 


1,087 


1.087 




26.03 


1.337 


1,339 


-2 


25.96 . 


1,336 


1,335 


+1 


25.91 1 


1,335 


1,332 


+3 


31.91 


1,644 


1,645 


-1 


31.72 


1,635 


1,636 


-1 


31.59 


1,625 


1,629 


-4 


99.52 


5,276 


5,276 


— - — —3 



From the above equation we have as the thermo-electric power 
of this particular steel and constantan 

deidt^ a+ 2bt^ 50.8^ + 0.043^ • / = 50.8^ (i + 0.00086, • /) 

The determination of the •* temperature coefficient ** (6.00086J of 
thermo-electric power of these metals was the aim of this part of 
the work. 

The actual calibration of the working junctions at room temper- 
ature was next made. Two mercury baths were used for this pur- 
pose ; the mercury was contained in two small, cylindrical Dewar 
bulbs submerged side by side, nearly to their tops in the same bath 
of water. The thermal junctions were protected with thin coatings 
of collodion and one was placed in each of the mercury baths close 
to the bulb of one of the two thermometers mentioned above. The 
long potentiometer wire was replaced by a short constantan wire 
I mm. in diameter, and DE was made 14 mm. (resistance about 
0.009 ohm). 

Fig. 5 shows the results of a calibration, made before determina- 
tions on the thermal effect had been begun. Only one calibration 
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was made before the determinations because this one checked so 
closely two calibrations of a couple, which was broken before it 
could be used, that more were considered unnecessary. The inten- 
tion was to make a second calibration after all determinations had 
been finished, but in removing the junctions from their places, one 
of the small plugs was broken ; recalibration was therefore impos- 
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sible. The fact that the curve does not pass through the origin of 
coordinates is easily explained by a change in the thermometer cor- 
rections after comparison ; with both junctions in the same mercury 
bath, with no current in the potentiometer and with the switch S 
properly closed no deflection of the galvanometer occurred. The 
working curve was therefore drawn to the same slope as the cali- 
bration curve and made to pass through the origin. 
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If w be used to represent the ammeter reading and r the difference 
in the temperatures of the thermal junctions, the working curve is 
given by the equation 

r = 0.00925 'W 

when the mean temperature, /, is 20^.3 C. Then from the work 
on the auxiliary couple we have 



^^^«^^_^(,+ 0.00086,./). 



From these we find that 



00941 



and therefore that 



(r\ __ 0.00941 
w)^ "" I + 0.00086, • /' 



which enables us to transfer ammeter readings into temperature dif- 
ferences for any mean temperature. The sensitiveness of the amme- 
ter, immediately after the calibration was completed, was found to 
be 5.83^ X io~* amp. per division. The sensitiveness was after- 
wards taken at intervals of several days ; changes could be noticed 
(due apparently to weakening of the magnetic field) but they were 
so slight as not to affect the calibration. 

After the calibration the collodion was dissolved from the junc- 
tions and these were put into their places in the nozzle. 

In the manipulation of the apparatus three persons were neces- 
sary. It was the duty of the first to attend the control valve and 
by careful adjustment to maintain a constant pressure in the part 
beyond ; the second person controlled the bath temperatures and 
read the thermometers and the pressure difference manometer ; the 
third attended the galvanometer and ammeter readings. 

In order to make a determination the baths were put into the 
proper condition, the pressure was brought to the desired value and 
the exit valve was opened until the pressure difference was about 
one atmosphere. The large water bath was kept as nearly as pos- 
sible at constant temperature and the oil baths were brought to 
temperatures which were indicated from time to time by the elec- 
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trical readings. The time necessary for a determination varied from 
fifteen minutes to an hour ; in several cases even a longer time 
elapsed before steady conditions were attained. 

In general the pressure difference, under which a determination 
was made, was not exactly one atmosphere. Correction was made 
to this unit by assuming a proportionality of the thermal effect to 
pressure difference — a law firmly established by the work of Joule 
and Thomson and again by that of Natanson. 

The control of temperatures of the oil baths was a source of diffi- 
culty — especially in the determination at 0° C, for at this temper- 
ature it was necessary to use a flow of cold salt water through 
copper tubes submerged in the oil and the control was not an easy 
one. However, a determination was continued until the proper 
temperature control had been maintained sufficiently long to insure 
either a negligible or a calculable error due to this source. To 
obtain data from which approximate errors could be estimated from 
known errors in the bath temperatures, large changes in these tem- 
peratures were intentionally made from time to time and the result- 
ing effects upon the temperatures of the gas stream were noted. 

Of all the determinations which were made, two or three were 
discarded because the necessary corrections would have been too 
serious ; four of the others were corrected, one to the extent of 
o°.oiS, the other three by amounts not exceeding o°.oio. 

It might seem, on first thought, that serious error would be 
caused by conduction of heat through the porous plug and around 
the plug through the material of the nozzle. But this transfer is 
at most only a small thing, and moreover is of such character as to 
eliminate itself; for the heat given up by the gas stream between 
the lower thermal junction and the plug will be almost exactly equal 
to that taken up by the stream in the corresponding region above 
the plug (the symmetry is broken only by the thin layer of gas 
between the main body of the nozzle and the small tube of vulcan- 
ized fiber which holds the upper steel disk in place). 

During the determinations at high temperatures it was necessary 
to heat the gas before it reached the large spiral in order that it 
might enter the nozzle at, or very nearly at, the temperature of the 
bath. The heating was accomplished by applying a Bunsen flame. 
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protected from air drafts, to the copper tube between the pressure 
equalizing cylinder and the bath. This method of heating cannot 
be made a very steady one and some fluctuations of temperature 
remained after the- gas had passed through the spiral. The poten- 
tiometer settings were made more difficult on this account, but a 
steady watch was kept on the galvanometer behavior and it was 
found that the ammeter readings taken when the fluctuations were 
small were consistent with each other and also that at these times 
the difference between the temperature of the bath and that of the 
gas as it entered the nozzle was small. 

Results. 

Determinations were first made at room temperature, the gas 
pressure being changed from one determination to another with the 
intention of finding the law of dependence of the thermal effect upon 
pressure. The results, as plotted from time to time, began to 
trace, with more or less certainty, a line parallel to the axis of 
pressures. The line was very nearly a verification of the results 
of last year, except that there was no indication of a decrease of 
pressure until a pressure of 41 atm. was reached. Here the result 
was considerably lower than those preceding. It was noticed 
however that the gas analysis, which was made at the end of the 
determination, indicated a higher percentage of impurity than any 
of the previous analyses had shown (see determination X. in the 
table below). It was then decided to delay the experiments and 
to make a search for purer gas. 

The gas, which had been used up to this time, showed amounts 
of impurity varying from 4 or 5 per cent, (by volume), when taken 
from a full cylinder, to about 0.2 per cent, when from an empty 
one ; the amount of impurity gradually decreased as the gas was 
used from the cylinders. Complete analyses of the gas were not 
made, but delicate tests for H^S and for SOj gave negative results. 
These were considered possible components — the gas came from 
natural springs — and tests for them were essential because, if 
present, they would have been absorbed by KOH and would not 
have appeared as impurities in the partial analyses. Also a test 
for oxygen gave negative results, showing that the impurity was 
not air. 
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No better gas was found, however, and it was decided so to 
choose the cylinder, which was to furnish the gas for any deter- 
mination, that two or more results could be obtained, at a given 
pressure and temperature, with amounts of impurity differing as 
widely from each other as possible. By this procedure a depend- 
ence of the thermal effect upon impurity could be determined, and 
the thermal effect for pure CO^ could be found by extending the 
curves back to the axis of no impurity (see Fig. 6). 

This was done and the results of the observations at various pres- 
sures and temperatures are contained in the following table. The gas 



No. Date. 


Percentage 
Impurity. 


Mean 
Prea- 

aure 
(atm.). 

7.6 


Mean 
Tempera- 
ture. 


Preaaure Tempera- 
Difference ture 
(cm. Hg). Difference. 


Same 

Corrected 

on Account 

of Bath 


Temperature 

Difference per 

Atmoaphere 

Pressure 


1 








Temperatures. 


Difference. 


XVI. 5/17 


0.32 


-0^5 


68.6e 1*^.31, 


1^.32, 


1°.46, 


XV. 1 5/11 


0.32 


7.6 


-0 .6 


71.1, ' 1 .37, 




1.46. 


XI 5/4 


2.1 


7.6 


+ .8 


73.2o 1 .328 




1 .37, 














1.39, at -0.6 


XII. f 5/9 


0.28 


14.4 


-0 .4 


69.6o 


1.34, 




1.47, 


XIV. ' 5/11 


0.75 


14.4 


-0 .6 


69.4a 


1 .34, 


1.32, 


1.45. 


XVII. ; 5/17 


0.20 


21.2 


-0 .6 


69. I5 1 .33, 




1.46, 


XIII. 1 5/9 


0.72 


21.2 


-0 .6 


72. 7o 1 1 .36. 


■ 


1.43. 


XVIII 5/18 


1.7 


26.4 


-0 .5 


71.2o 1 1 .36, , 1 .36, 


1.4S. 


II. 


4/19 




7.6 


20 .4 


76.7, 1 .19. 


1.18, 


VII. 


4/20 


1.5 


7.6 


20 .4 


74.5^ 1 .14o 


1.16, 


VIII. 4/25 


0.23 


10.8 


20 .5 


73.6, 1 1 .16, 


1.19, 


III. 4/19 




14.4 


20 .4 


76.1, 1 1 .17o 1 


1.16, 


IV. 4/19 


0.20 


21.2 


20 .4 


76.5^ 1 .17, 


1.16, 


V. 4/19 




25.2 


20 .4 


75.7, 1 .18e , 


1.19, 


IX. 4/25 


0.89 


27.4 


20 .4 


76.1, , 1 .16, 


1.16, 


XXI. 5/19 


0.24 


34.2 


20 .4 


71.I3 1 1 .11, ' 


1.19, 


XIX. 


5/19 


1.1 


34.2 


20 .4 


76.8^ 1 .16, 1 .17, 


1.15, 


XX. 


5/19 


0.45 


41.0 


20 .4 


75.3, 1 .17, 


1.18. 


X. 


4/25 


2.2 


41.0 


20 .4 


75.83 1-13, 1 


1.13, 


XXII. 


5/24 


0.17 


7.6 


39 .5 


75.2, 


1 .03, (?) (Empty Cyl.) 


1 .04, (?) 


XXIV. \ Sl'lA 


0.24 


7.6 


39 .5 


76.3o 


1 .048 


1.04, 


XXIII. 


5/24 


2.1 


7.6 


39.5 


75.5o 


1.02o 1 


1.02, 


XXX. 1 6/2 


0.22 


14.4 


59 .5 


76.24 


.95, 


.95, 


XXVI. 5/26 


1.3 


14.4 


59 .5 


75.1, 


.93, 1 


.94, 


XXIX. |6/2 


1.3 


14.4 


59 .5 


76.1, 


.95o ! 


.94, 


XXXI. 6/15 


0.42 


14.4 


79 .5 


74.3, 


.85o 1 


.86, 


XXXIII. I 6/16 


0.20 


14.4 


96 .6 


74.O0 


0.74, 1 


.76, 


XXXII. 


6/16 


1.8 


14.4 


96 .5 


_71-1* 


.82, 


1 


.80, 
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presures and temperatures tabulated in it are the averages of the 
two values of each on the two sides of the porous plug. The last 
column gives the corrected thermal effects — corrected where neces- 
sary, on account of errors in one or the other of the bath tempera- 
tures, and also on account of the pressure-differences. These cor- 
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Fig. 6. 



rected values are plotted as ordinates of Fig. 6 with corresponding 
percentages of impurity as abscissas. The values of the thermal 
effect for pure CO^ as indicated by the lines of Fig. 6 are then 
plotted as ordinates in Fig. 7, with corresponding temperatures as 
abscissas. 

For the results obtained at 20° C. the lines of Fig. 6 intersect 
the axis of no impurity at nearly the same point for all pressures, 
41 atm. being the highest pressure reached at this temperature. 
All except three of the results obtained at 20° are plotted in Fig. 
6. No analyses of the gas were made for them (they were obtained 
before any serious dependence upon impurity was suspected). The 
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determination at 0° C. exhibited the same peculiarity until a pres- 
sure of 26 atm. was reached. The result at this pressure gives a 
pK>int on the impurity diagram considerably above the line which 
shows the dependence of the thermal effect upon impurity. In the 
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results taken, both at 20° C. and 0° C, there seemed to be no reg- 
ular dependence of the effect of impurity (upon the observed ther- 
mal effect) upon pressure. Accordingly the thermal effect for pure 
gas at 26 atm. pressure was assumed to be that indicated by a line 
drawn parallel to the line which represents the other results at the 
same temperature. 

Several trials were made at 0° C. to reach higher pressures than 
this. COj condenses at about 35 atm. when its temperature is 0°, 
and it had been hoped that determinations could be carried to within 
3 or 4 atm. of this point. The behavior of the electrical circuits 
seemed to indicate that condensation of the gas occurred at the con- 
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trol valve, due to the severe cooling there. If this did occur it was, 
of course, present also in the case of determinations under high 
pressures at 20° C; but at 20° the large copper spiral was able, 
probably, to cause a complete re-evaporation of the small globules 
of liquid. The determination at 26 atm. was made possible only by 
the application of a Bunsen flame to the copper tube just in front 
of the valve. Very likely the use of a spiral heating tube at this 
point would have made work at higher pressures possible, but, with 
the determinations at higher temperatures still to be made, there was 
no time for the necessary changes. 

Of the three results obtained at 80° C. only the last one was 
kept. The other two were obtained under such unfavorable heat- 
ing conditions that the behavior of the electrical part of the appa- 
ratus did not insure a great amount of confidence in them. The 
simple application of a Bunsen flame to the small copper tube just 
in front of the large water bath was found to be quite satisfactory 
in the determinations at 40® and at 60°, but when the heating be- 
came as vigorous as was necessary at 80°, this alone was not sat- 
isfactory. The behavior of the apparatus indicated serious irregu- 
larities in the effect of the flame, due perhaps to the fact that the 
gas in passing through the tube came more and less thoroughly 
into contact with the heated walls. With this explanation in view 
a corresponding remedy was applied. A length of 25 or 30 cm. 
of the tube at this place was filled with lathe turnings which served 
to stir the gas as it passed through the heated portion. With this 
precaution the observations at 80° and at 97° were fully as satis- 
factory as those at 60° had been. 

An attempt was made, after the determinations at 97° were ob- 
tained, to add others at 80°, but a series of mishaps rendered these 
impossible. The most serious was the development of leaks at the 
nozzle, caused by the change from a high temperature to a lower 
one — the lead packing has a much greater coefficient of expan- 
sion than the steel of the nozzle. A repair of the leaks made nec- 
essary the removal of the thermo-electric junctions, but the plugs 
which carried them had become so firmly fixed in their places by 
the action of the high temperatures upon the packing materials 
that one of them was broken. This made even a recalibration of 
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the junctions impossible. Determinations were discontinued. I 
may state here — merely as a fact of observation — that all of these 
accidents occurred while I was using the thirteenth cylinder of gas. 

Since only one satisfactory determination was obtained at 80° 
the best indication, obtainable from it as to the magnitude of the 
thermal effect for pure gas at this temperature, is that given by the 
pair of dotted lines, drawn through the point which represents it 
in Fig. 6, one parallel to the line of results at 60° the other paral- 
lel to that at 97°. With this treatment the absence of other re- 
sults at 80° increases the uncertainty (already present on account 
of errors of observation and of control) by an amount less than 
o°.oi. 

The variations in the slope of the impurity lines from one tem- 
perature to another is a source of considerable concern. The indi- 
cation of the results up to 60° is that the effect of the impurity 
becomes less as the temperature increases, but the line of results at' 
97° does not fulfil this indication. An interpretation of the varia- 
tion of slope of the lines is offered by the results at 0° and at 
20°. At either of these temperatures the determinations which 
were obtained with the purest gas are fairly consistent with one 
another — there is only one exception to this statement; result 
IV., taken at 20®, falls low. On the other hand the results at 
higher percentages of impurity are not consistent ; especially is this 
true at 0°. So far as records of the determinations are concerned 
the latter results are just as trustworthy as the others. An attempt 
to represent the effect of impurity at each of the various pressures, 
say at 0° C, results in a series of lines whose slopes differ almost as 
much as do the slopes of the lines from one temperature to another. 
The only interpretation, then, which the results warrant, is that the 
impurity is not the same gas or gases in the various determinations. 
Unfortunately a complete analysis of the impurities was not made 
for each sample of gas taken from the apparatus. It is fortunate, 
however, that for almost all temperatures, results were obtained 
with very pure gas ; the distance over which extrapolation is nec- 
essary in order to determine the thermal effects for pure gas is not 
a great one ; the errors introduced by the uncertainty in the slope 
of the lines are, therefore, not serious. 
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The dependence of the thermal effect upon impurity is a part 
of an entirely separate problem — that of the Joule-Thomson effect 
in mixtures of gases — upon which some work was done by Joule 
and Thomson themselves. I hope to be able to take up this prbb- 
lem, with such modifications of the present apparatus as will be 
necessary, in order to verify and to make more complete the ex- 
perimental results at present available. Recent developments in 
the theory of gas mixtures have made work in this region even 
more important scientifically than it was in the past century. 

In a discussion of the results of the present research it is neces- 
sary to call attention to discrepancies between them and the re- 
sults of previous researches. The preliminary results of last year 
are not wholly in accord with those of this year. The line 

^^ o 

^^ = 1^19 — 0.0015/ 

which was found to represent those obtained last year at 22° C. 
indicates values for low pressures which are tolerably consistent 
with the indication of the curve of Fig. 7 for the same temperature. 
For high pressures the discrepancies are serious and in view of the 
facts that, in the preliminary work, the amounts of impurity in the 
gas were not followed closely and that it was impossible to main- 
tain proper temperature control about the nozzle, it is necessary to 
discard the results of last year in comparison with the present ones. 
Considering then the work of Natanson, whose determinations 
were all made at room temperature (20° C.) and at pressures rang- 
ing from 1.5 atm. to nearly 25 atm., it is to be noticed first that 
the equation, given by him as a representation of his results, 

^- = 1^18 + 0.0126/^ 

where p^ is the average value of the pressures on the two sides of 
the porous plug, really does not represent them fairly. The values 
of the thermal effect plotted as ordinates, with corresponding values 
of p^ as abscissas, trace with considerable certainty a curved line 
which starts at about 1^.23 and rises, with steadily increasing slope 
as the pressure increases, to a value of about i°»50 at 25 atm. 
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This very marked dependence upon pressure is not verified by the 
results of the present research. In the determinations made this 
year no dependence upon pressure was shown by the results at 20° 
although the pressure was carried as high as 41 atm. ; and at o^ no 
dependence was found until a pressure of 26 atm. was reached ; 
here the result indicated an increase in the thermal effect over the 
values at lower pressures. The result just mentioned is isolated 
and was, moreover, obtained under considerable difficulty ; its indi- 
cations must therefore, in all fairness, be rated as somewhat doubt- 
ful. However, in another paper further experimental evidence, 
deduced from Andrews' work on the compressibility of CO^, will be 
given, which will tend to indicate again that such a change is 
altogether probable at this pressure. 

To account for the discrepancy between Natanson's results and 
my own is not easy. There appears to be only one explanation and 
that is not entirely satisfactory ; it rests upon the fact that, in his 
apparatus, the large copper tube, through which the gas passed 
before reaching the porous plug, was closely packed with lathe 
turnings in order to provide greater surface with which the gas 
would be brought into contact. The use of more turnings than are 
sufficient to bring the gas thoroughly into contact with the wall of 
the tube would seem, however, to be detrimental ; there is very 
little chance for conduction of heat into the interior of the tube by 
the turnings for they touch the walls and each other only in small 
points ; moreover, if the packing of these turnings was as close as 
Natanson's description indicates, it is to be expected that a fall of 
pressure would result from the obstruction offered to the flow of 
gas, and a fall of pressure means a Joule-Thomson effect of corre- 
sponding magnitude. If, therefore, some cooling of the gas, due 
to this cause, did occur, in all probability the gas entered the plug 
at a temperature lower than that of the bath, for it is not to be 
expected that the bath could remove the effects of the fall of pres- 
sure which occurred in the last end of the tube. Whether or not 
such an explanation will account for the total apparent increase in 
the thermal effect observed by Natanson and for the form of curve, 
which his results trace, cannot be determined. 

In order to compare more readily the results obtained by Joule 
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and Thomson with those of the present piece of work I have copied 
theirs in the following table ; the results are corrected, however, to 
the basis of i atm. difference in pressure above and below the porous 
plug. The corrections, which had already been made by them, 
covered errors due to influence of the bath upon the gas stream and 
reduced the observed thermal effects to the basis of pure COj. The 
latter was made on the assumption that each component of the mix- 
ture maintained its own individual thermal effect and was entirely 
independent of the other component ; this assumption was not con- 
sidered by them to be a correct one — in fact it had been proven 
experimentally to be false — consequently the last column of the 
table cannot be considered to be completely corrected. The dotted 
line of Fig. 7 represents these results. 

The Joulf- Thomson Results. 

















Qas Components. 


Bath 
Temp. 

7*^.4 
35 .6 


Press 

Diff. 

in. (Hg). 1 


Obs. 
Cooling 
Effect. 


' Memn 
Temp. 


Corrected 
1 Cooling Effect 
1 (xatm.) 


CO,. 


Air. 


96.5% 
98.2 


3.5% 
1.8 


164.1 ' 
127.5 


6°.72 
4 .19 


4°.0 
33 .5 


10.31 
1 1 .02 


99.2 


0.8 


54 .0 


146.0 


4 .18 


, 51.9 


.88 


97.9 


2.1 


93 .5 


167.2 


3 .42 


91 .8 


; .65 


98.3 


1.7 


97 .5 


151.0 


3 .11 


95 .9 


' 0.64 











The discrepancies between these results and my own are very 
pronounced throughout the range of temperatures used, but are 
especially so at the higher temperatures. It is at once evident that 
the incompleteness of the corrections for impurity cannot explain 
such differences ; if, however, data for completing these corrections 
were available the gap would be narrowed by the process. 

In the present apparatus there seems to be only one possible 
explanation of the discrepancies. There is a possibility of a 
flow of gas from the region below the porous plug to that above 
by another path than the porous plug itself. A screw packing 
(not shown in Fig. 2 on account of complication of the drawing) 
was provided around the middle of the vulcanized fiber nozzle — 
between it and the surrounding steel cylinder — in order to prevent 
any gas from leaving the lower region by flowing outward along 
the plug which carries the lower thermal junction, then upward 
between the fiber nozzle and the steel cylinder, and into the main 
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gas Stream again, along the plug, which carries the upper junction. 
Any flow of gas through this packin)j would be a diffusion process 
and, if adiabatic, would not affect the accuracy of results ; however 
there is danger that such a flow may be far from adiabatic in 
character. At high temperatures that part of the steel cylinder 
between the two oil baths is exposed to air which is lower in tem- 
perature than the baths ; the error would, therefore, increase the 
observed cooling effect. This explanation will not account for the 
discrepancies between the two curves at low temperatures. More- 
over the danger here is not as great as it seemed, at first glance, to be. 
The part of the apparatus from the top rim of the barrel to a point 
above the upper oil bath was enclosed in heavy wrappings of cloth 
and the air temperatures in this enclosure, even at points some dis- 
tance from the baths, were only ten or fifteen degrees below the 
bath temperatures. The protection of this part of the steel cylinder 
from the surrounding air is better than the drawing of Fig. 2 indi- 
cates ; the flange on the bottom of the upper oil cup is deeper than 
is there shown ; it extended, in the determinations at low tempera- 
tures, to within a short distance of the oil in the lower bath, and in 
those at 80° and 97® the hot oil softened the rubber ring, which 
supports the upper cup, so that it moved down and rested on the 
steel ring which holds the lower thermal junction in place. 
Furthermore there is considerable experimental evidence leading to 
the conclusion that errors from this source were not serious ; e, g,^ 
when the results were compared and this source of error was under 
consideration, it was thought that an explanation could be found 
here for the change in slope of the impurity line at 97° (Fig. 6). 
Errors in temperature of the oil baths would have had considerable 
influence upon that part of the gas which may have flowed along 
this by-path. But the records of the observations at this tempera- 
ture show that such errors in bath temperatures as were present 
and also the change in temperature of the air in the enclosure under 
the cloth wrappings would have had a tendency to decrease the 
slope of this line rather than to increase it. Finally an examination 
of the packing, described above, after the apparatus was dismounted, 
showed that it was hard and firm, and, although it is impossible to 
say that no gas leaked around by this path, all available facts indi- 
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cate that the amount was not such as would seriously affect the 
results. 

On the other hand, there are, in the Joule-Thomson determi- 
nations, two possible sources of error which may account for the 
discrepancies between the two sets of results. A study of the 
descriptions and drawings of their apparatus shows a possibility that 
the gas pressure above the porous plug was not barometric pressure 
as they assumed it to be ; the gas, after it escaped from the plug, 
passed through a pipe into a gas holder. The dimensions of this 
pipe are not given, but from the drawings of their apparatus and 
from descriptions of other parts I judge that it was a 2-in. pipe ; 
the length is altogether uncertain. There was, moreover, at one 
point of the pipe a large stop-cock — dimensions uncertain. In 
view of the fact that the stream velocities varied from 2 to 3 feet 
per second (assuming the pipe 2 inches in diameter) it seems pos- 
sible that some appreciable fall in pressure occurred in this pipe 
and stop-cock. An excess over barometric pressure would have 
made the pressure difference, under which an experiment was per- 
formed, less than that which their mercury pressure gauge indi- 
cated. A more serious error would result from the effect of pres- 
sure upon the reading of the thermometer which was placed in the 
gas path just above the porous plug. Each of the errors resulting 
from this cause would make the apparent thermal effect (reduced 
to a pressure difference of i atm.) smaller than the true value. 
The other possible source of error is brought to one's notice by the 
fact that Joule and Thomson make no mention of having applied a 
stem correction to the readings of the thermometer which measured 
the temperature of the large water bath. This bath temperature 
was assumed by them (correctly, since in their apparatus the large 
copper tube in the bath was 60 feet long and 2 inches in diameter) 
to be the temperature of the gas as it entered the porous plug. 
But the thermometer, which measured the bath temperature^ was 
so placed that its bulb was near the nozzle and in the observations 
at high temperatures must have had a considerable length of its 
stem and of mercury thread exposed to air at a temperature far 
below that of the bath. The thermometer would have read too 
low and, if no stem corrections were applied, the observed thermal 
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effect would have been too small. None of the discrepancies be- 
tween their results and mine is too large to be accounted for by 
reasonable assumptions as to the magnitude of these two possible 
errors in their observations. 

In addition to the acknowledgments in the introduction of this 
paper I wish to acknowledge my hearty thanks to Dr. S. R. Cook. 
Mr. C. W. Waggoner, Mr. L. Howe and especially to Mr. H. J. 
Lathrop for help in taking observations during the work of this 
year. 

In a later paper I shall show that it is possible to separate the 
thermal effects, measured in this research, into the two essential 
parts, one due to' the external work which is done by the gas, the 
other — the pure Joule effect — due to the work done against the 
forces of intermoleculaf attraction ; for this separation the availa- 
ble data on the compressibility of CO, will be used. The theoret- 
ical treatment of the results — their bearing upon the various char- 
acteristic gas equations, the possible development of such an 
equation for this gas, the deduction of a law of molecular attraction 
— will also be given in that paper. 

Summary. 

The porous plug form of apparatus was used in this piece of 
work. The difference between the pressures on the two sides of the 
plug was about i atm. for all of the determinations. The differ- 
ences in temperatures, (i) of the gas before and after passing 
through the plug, (2) of the gas and of the large water bath, which 
surrounded the copper heating (or cooling) tube, were measured 
by thermo-electric junctions ; the thermo-electro-motive forces were 
measured by a modified potentiometer method. 

In order to obtain the magnitude of the cooling effect for pure 
COj, determinations were made at a given temperature and at a 
given pressure with gas containing various percentages of impurity 
and these results were then extrapolated for pure CO^. At 0° C. 
the results of such extrapolation show no dependence of the 
thermal effect upon pressure until a pressure of 26.4 atm. is 
reached ; the one result obtained here indicates an increase over the 
values observed at lower pressures. At 20° C. the thermal effect 
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is independent of pressure as iar as observations were carried ; 41 
atm. was the highest pressure reached at this temperature. The de- 
pendence of the cooling eflfect upon temperature is shown by the 
full line of Fig. 7 ; for purposes of comparison the results of the 
Joule-Thomson determinations for CO, are also represented in this 
figure, by the dotted line. 

Physical Laboratory, Cornell UNivERsrrY, 
June, 1905. 
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PHYSICAL REVIEW. 



ON THE APPLICATION OF SPECTRAL BANDSJJN 

DETERMINING ANOMALOUS DISPERSION 

AND ACHROMATIC SYSTEMS OF 

VARIOUS TYPES. 

By D. B. Brace. 

IF two systems of interfering rays, after undergoing different 
phase-changes, in whatever way, are examined spectrally, dark 
bands are found for those frequencies where destructive interference 
occurs. If two sets be examined in juxtaposition, they may be 
made to coincide, either throughout the entire range of the spec- 
trum, or only over certain portions. The former indicates perfect, 
the latter partial, differential achromatism. In general, the first is 
unrealizable ; but the latter may be attained to a greater or less 
extent, particularly in the visible spectrum, by means of certain ele- 
ments which constitute, in special combinations, achromatic systems. 
If N represents the number of times destructive interference, by 
whatever mode, occurs for such a system, in varying the wave- 
length from ^= ^. to / = ^2)» say, then \dNjdX\dk represents the 
number of bands in the spectrum between wave-lengths X and X -|- dl. 
If, by any change, we can make this number the same for a second 
element, we should have 

The pair is then said to be differentially achromatic for these two 
wave-lengths. If the bands coincide between these limits, this 
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couple is perfectly achromatic within this region. In the former, 
residual spectral effects occur which produce chromatism to a greater 
or less degree, which latter also occurs outside these limits. 
If we integrate (i), we have 

JSr^N^+k. (2) 

This shows that if y^ should vary X in each element from ^^to Ij^ 
say, wh^re achromatism occurs, and count the number of times de- 
structive interference occurs ; or if we should begin in the spectrum 
at i. and count the bands up to Xj^^ we should, in general, find a 
different number or order for each element of the pair. 

N may be readily obtained if we can vary it in any way as I have 
already shown.^ Thus if -A^^ , A^^)* ^md N^ represent the orders for 
^mf ^Df 2i"d X^ respectively, and NJ, Nj/, and NJ the orders ob- 
tained after any variation, we shall have : 





N^-N^^ Nj, N^' - NJ = Nj/ 




N^-N^ = N^ NJ - NJ = NJ 


or 






N-N,^p 


and 






N-N^^np, 



if NJ^ N^ and/ is the number of bands between the two wave- 
lengths Ij^ and X^, and np the number when A^is changed to NJ 
We also have 

and 

since 

N^^^ NJ AV 

if 

where m is the number of bands passing Xj, in the positive direction, 
toward the red, say, in changing Xj, to A^)'. 

"Phil. Mag., Oct., 1S99, p. 345; also Rendtorff, Phil. Mag., May, 1901, p. 539, 
and Williams, Phys, Rky., April, 1904, p. 28a 
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Hence, 

'^»-^- (3) 

If for i^, N^ =1= o, or = ^, say, then (3) holds only for the cor- 
responding portion or phase (p of the bands. Thus if ^ = i/2, we 
must use the white bands instead of the black bands in the settings 
and the countings to obtain N, The true order will then be N+(p, 
We have thus the methods at hand of determining the degree of 
achromatism and also the orders which must be used to reduce the 
chromatism to a minimum. A similar method will give the order 
of the same space without the medium, or we may find the thick- 
ness by determining the number of air-bands Ng^i, between two 
wave-lengths Xj^ and X^, say. We shall then have at once the 
data from which we can find the thickness. Thus, if 

/',= !. 5 r = -^E-D or d-^JVs-oL — r)- 

We have thus the absolute index needed in the technical appli- 
cations of these principles, which will be embodied in the usual 
formulae after transformation from the above equations. 

Anomalous Dispersion. 

In this case we have to deal with relative phase-retardations of 
the two interfering systems due to a difference in path, neglecting 
for the moment phase-changes at the bounding surface. 

If d is the thickness and p the index of the medium, 

N=^;;indN, = ^' (4) 

for the same space with a medium of constant index /ji^. 
Thus 

^ = I.(/' + ^^J-"d-,^ = -f». (5) 

If we should be able to adjust the two sets of bands to coinci- 
dence at any point of the spectrum, we should have from (i) 

dN dN^ 



-dX~ - dX 



Digitized by 



Google 



292 



Hence, 



D. B. BRACE. 



or ^-^ 



■ -dx 
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^k^N-N,. (6) 



Since, if there is a coincidence between the bands with constant 
index and those of the medium to be examined, k must be a whole 
number, we shall have 

d{dfi) 



-dx 



= 0, 



(7) 



if iV = N^, Thus, if by trial we can obtain a set of coincidences 
and then find, by the method of counting given above, that the 
orders are the same, fx must be constant in this region and hence 
be a maximum or a minimum, or have a point of inflection ; that is, 
the tangent to the curve of dispersion is parallel to the coordinate 
axis of X, For example, taking //^^ = i, as in the case of a vacuum 
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(or of air, approximately), let us compare the air-bands with those 
of fuchsin, say. In the curve of dispersion of the latter. Fig. i, as 
determined by Cartmel,* equation (7) holds at b and d on curve I. 
and the order N^ of the air bands is the same as N^ that of fuchsin 
at b ; and N^ and N^ are the same at d. Curve II. may illustrate 
a reduction in the anomaly, in a solution, say, and Curve III. a still 
further reduction, the points of maximum and minimum coinciding 

» Phil. Mag., Aug., 1903, p. 213. 
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at a point of inflection c. At each of these points a characteristic 
distribution of the bands occurs from which we can readily interpret 
the nature of the anomaly. Referring to (5) again, since at these 
points 

we have the residual term djX d/ji/ — dX from which to determine the 
character of the curve at these points. 

Thus d/i/ " dXis + going from a to 6 and — going from 6 to c, or 

dN dN, 



and 

m_ ^dN, 
z:~dx ^ '^~dX' 

respectively ; /. e., on the red side of a coincidence, the bands crowd 
together ; while, on the violet side, they spread out relatively to the 
air-bands in case of a maximum. Going from c to d dfxj ^dX is — 
and from ^ to ^ it is +, or 



and 



dN 


dN 


dN 


^ ^N, 



^dX^ -- dX' 

respectively, i, ^., if, on the red side of a coincidence, the.bands of 
the medium spread out and on the violet side they crowd together 
more than the air-bands of the same order, the region has a mini- 
mum index. On Curve III., at a point of inflexion r, ^yt//— 5^ is -|- 
on the red and -|- on the violet side, or 

dN dN, 
> 



^dX^ -dX 

in each case ; i, e,y if the bands shorten with respect to the air bands 
of the same order on each side of a coincidence, the index has a 
point of inflexion. 

In the region beyond ^, since the bands must begin to coincide 
again before X = ^00, they must begin to lengthen relatively to the 
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air-bands so as to coincide again at ^ = ^oo. These various char- 
acteristics are illustrated in Fig. 2. 

This apparent crowding together and spreading out of the bands 

is the more marked, the more 
pronounced the anomaly, being 
more marked in band- and line- 
spectra. 

If the index of the medium of 
comparison is not constant, as it 



xi 



LL 



PUCHMN BANM 



Rg.2. 



is in the case of a vacuum (or air) but varies slowly and uniformly, 
we can still apply similar tests for any anomalies which may exist. 
Thus from 



dN dN^ 



we should have, in such a case, 

X ^ ^dX" X '^ ^dX 
or 

and 



(8) 



Since djd will not be large (rarely, if ever, equal to 2 for liquids 
and solids) and as the inclination of the dispersion curve to the i-axis 
is always small for frequencies which are not near the natural 
frequencies of the medium, d/ji/dX will be small ; and the crowding 
and spreading of the bands should occur approximately at a maxi- 
mum or a minimum point, just as in a case when air is used as a 
means of comparison. For a point of inflection, the test might indi- 
cate a close maximum-minimum region. Thus, water (as a solvent), 
glass, mica, etc., could be used in detecting anomalous dispersion, 
or a definite number of air-bands may be added. 

If, instead of there being a single medium in the path of each of 
the systems of interfering rays, there are several, in addition to the 
anomalous medium to be examined, similar considerations will show 
that the criteria for the anomalies are the same. 
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Let the resultant orders for the two sets of bands which are to 
be compared be represented by N* and N" where N' ^ N + N^ + 
^1 + '"^J and N"^N,^ N/' + A^/' + . . . JVJ\ 

Then if 

we have 





dx ~ dx 


" 9 




dN dN^ BN^' 

dX dX ~^ dx ' 


dN'' 

-A +• 


dNj 

dX 


dNJ' 

dx 



When the orders of the two sets of interfering bands are made the 
same before inserting the media to be compared, as can readily be 
realized in various interfering systems by suitable experimental 
conditions, we shall have 

and hence 

dN dN„ 
dX~~dX 



(9) 



Thus the crowding and spreading of the resultant bands will indi- 
cate the presence of anomalies as before. The additional bands 
then serve as lines of reference for making measurements, when 
the orders of the media to be compared are too low to give suffi- 
cient bands to make consecutive comparisons throughout the spect- 
rum. The equality iV= -A^^,, however, cannot be determined from 
(3) so readily as before by the process of counting. Either the addi- 
tional bands must be excluded in order to use (3) as usual, or the 
bands from these media must be counted when they are introduced 
into the field from zero order up to the orders to be used. For low 
orders, less than unity, the latter method is usually preferable. With 
the previous method we may determine whether we have a true zero 
order by inserting a compensating element of the order m^ say for 
the DAxnt. The dispersion of this compensating element must be 
the same as that of the medium producing the bands. If then we 
do not find the final band on the Z>-line, the interfering system may 
be adjusted until we get coincidence of the order with the Z^-line. 
We may then proceed in the usual way, by counting, to obtain the 
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order of the unknown element, noting, however, any change from 
the zero order of the interfering system and adjusting, accordingly, 
if necessary. Should there be any uncertainty as to the proper 
compensation for other parts of the spectrum, we should note 
whether the other bands are in their proper places in the rest of the 
spectrum also. The various characteristics discussed above may 
be readily represented graphically. From equations (4) we have 



and 



NX = dfx, (4a) 

^o^-^dji,k, {46) 

where // is a constant. {46) represents a series of equilateral hyper- 
bolae, with different parameters depending on dji^ being taken as 
unity. In Fig. 3 the curve A B C D £ is plotted from Cartmel's 



4.00 



3.00 




400 



800 



data. The full lines represent the rectangular hyperbolae, while 
dotted lines represent the deviations from the corresponding hyper- 
bolae, when /Iq varies but slowly, as it does considerably beyond the 
anomalous region. The curve A B C D E represents the variations 
in N due to the fluctuations of // in its anomalous region. Thus from 
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Ato B, N increases more rapidly than iVj,, from B toD more slowly, 
then more rapidly from D to E, Beyond A, iV increases less rapidly 
than N^, becoming finally asymptotic to the axis of ^ at ^ = ^00, while 
beyond £, N increases less rapidly, becoming asymptotic to the axis 
oi N ^t X^ X^ where fx becomes unity. In the case of an inflexion, 
the curve B' CD' becomes tangent on crossing the hyperbola C, 
Thus the order N increases more rapidly before and after crossing 
the hyperbola, but diminishes more rapidly beyond B* and D' , 

Fig. 2 is a reproduction of Cartmel's fuchsin-bands, showing the 
fluctuations in width referred to. Toward the violet end, we see 
the fuchsin-bands are relatively narrower, while they are wider 
than the air-bands in the central portion, indicating a minimum in 
this region. At the red end the fuchsin-bands are narrower than 
the air-bands, thus indicating a maximum region. 

The method of interferences in the study of dispersion has 
much to recommend it over the usual prismatic methods. The 
strong absorption in the anomalous region prevents the use of any 
but the smallest angled prism, which involves serious instrumental 
errors. The spectral interference methods referred to eliminate 
these errors, since the factors .sought can be determined by a 
process of counting and are hence independent of the angle of the 
film, which may vary in any arbitrary way so long as the change in 
thickness is not so abrupt as to prevent the " count '* of the bands. 
Media through which it would be impossible to obtain sufficient 
light for measurements, if in prismatic form, can readily be examined 
in thin films in this way. 

The use of spectral bands presents us with a method which un- 
folds before the eye, in the position of the bands in the spectrum, 
an exact record of whatever the medium has impressed upon the 
various trains of waves which have passed through it. Using the 
criteria mentioned above, we may at once locate the presence of any 
dispersive characteristic in the spectrum which the medium may 
possess. Thus, if in addition a quantitative determination is to be 
made, we may localize our measurements to this particular region. 

The special method of interference to be adopted will depend 
partly on the nature of the media studied. When the films are 
thick enough and also suflficiently transparent to give the charac- 



^ „C„,,e 



298 D. B, BRACE, [Vol. XXI. 

teristic interference bands by reflection, when examined directly by 
the spectroscope, observations are simplified. Comparison can be 
conveniently obtained by means of a double rectangular collimator 
one half the field of which is illuminated with light from one of its 
slits directly, and the other half with light from the other slit after 
total reflection from a rectangular prism placed before the objective 
similar to the arrangement used by the writer^ and later by Rend- 
torff,^ in the study of differential double refraction. In this case, 
total reflecting prisms may be placed at the slits to throw the light 
upon the films and thence into the collimator, as used by Cartmel ' 
in finding the thickness of his films. Instead of the above arrange- 
ment, two collimators may be arranged with the compound prism 
as used in the spectrophotometer of the writer.* These arrange- 
ments allow of independent movements of each of the two media 
under examination, and facilitate the adjustments considerably over 
those made when the two films are placed in juxtaposition before 
the same slit. The former arrangement also brings the two sets of 
bands closer together. If the absorption is great, the film to be 
examined may be placed between semi-transparent mirror-surfaces 
to equalize the intensities of the two interfering beams. If the 
order is too low to give sufficient bands for comparison, an auxiliary 
film may be introduced in series with the film to be examined and 
the method of comparison of mixed bands described above be 
used. Under the latter conditions, we may also use an interferome- 
ter, preferably of such a type that the light may pass through the 
film once only. The method adopted by the writer, of converging 
the light within an interferometer similar in type to that of Jamin 
and of using a mixed system of bands, should be chosen. Cartmel * 
has used this arrangement most effectively in his studies on the dis- 
persion of fuchsin. Here again we have the spectral bands after 
passing the interferometer. This spectral analysis of interferential 
phenomena has much to recommend it over the customary mode 
of analyzing the light first and examining afterward, with homo- 
geneous rays, these interference effects. 

» L. c. 
«L. c. 

3L c. 

<Phil. Mag., Nov., 1899, p. 420; Astrophys. Journ., Jan., 1900. 

*L. c. 



Digitized by 



Google 



No. 5.] APPLICATION OF SPECTRAL BANDS, 299 

When very slight anomalies are present and the absorption is 
small, we should resort to high orders and the high resolving power 
of the grating. Thus, in the examination of weak solutions of 
varying concentrations of anomalous substances, the growth of the 
anomaly is at once made evident. Here, several thousand bands 
may be introduced into the spectrum, and, as the effect is cumula- 
tive, any slight relative shift in the bands becomes at once evident. 
Comparison bands, from the solvent say, may be introduced by 
means of a second slit arranged in duplication of the system used 
by Williams * in determining refractive indices, the Frauenhofer lines 
being used for reference along with the bands themselves. In fact, 
for the study of anomalies in gases, this arrangement should be 
used on account of the high resolving power required. 

Rotary Polarization. 
As is well known, if a rotary medium be placed between two 
nicol prisms and the light transmitted through this system be ex- 
amined spectrally, dark bands will appear for those wave-lengths 
the principal planes of whose vibrations are at right angles to that 
of the analyzing nicol. This extinction will recur for every incre- 
ment or decrement in the rotation of 180°. Thus the order of the 
bands will be proportional to the rotation, or 



Hence if 



dN 


dp 

-d): 


dN 


dN^ 


-dX~ 


-dx' 


dp 


^Po 


-dl^ 


-dx 



and (10) 

p =1 p^-^ const. 

is the condition for achromatism of such a couple. The total rota- 
tion may be obtained by the process of counting, as described above, 
to obtain the order, the thickness of the rotary medium being 
varied. Thus, taking black bands as our basis of calculation, the 

iL. c. 
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nicols must be crossed. Since here our order corresponds to a 
rotation equal to i8o°, we have from (3) 

tn 

^z>i8o°=/>^ = ^^^-|i8o°. (II) 

The application of this spectral method to achromatic com- 
parisons is practically limited to a very few substances on account 
of the great rotations necessary to produce sufficient bands. 

Thus, quartz would give only about 9 or 10 bands in the visible 
spectrum for a thickness of 50 mm. As quartz has a much higher 
rotary power than most active substances, very considerable lengths 
of the media would be necessary in any comparisons. The same 
is true of magnetically active media. For this same reason the 
above tests for anomalous rotary dispersion are impracticable except 
with mixed systems, using perhaps quartz to give sufficient bands 
for comparison. Exact quantitative comparison should of course 
be made by means of half-shade plane polarizing systems. The 
importance of achromatism to saccharimetry warrants, perhaps, 
such spectral comparisons, to determine the region in the spectrum 
giving the best rotary achromatism with quartz; or, in fact to 
determine a more perfectly achromatizing comparator than quartz 
itself. 

Double Differential Refraction. 

The relative retardation produced by a double-refracting plate 
placed between two nicols, may also be examined by means of a 
spectroscope. Thus, if the nicols are crossed and the principal axis 
of the plate makes an angle of 45° with that of the polarizing sys- 
tem, the light transmitted by such a plate will be cut out when the 
difference in please between the two components, expressed in wave- 
lengths, is a whole number. As this difference is a function of the 
frequency, we should obtain the well known bands in the spectrum 
corresponding to those frequencies. I have already used the above 
method * of determining the orders of individual plates and have 
also determined the particular orders to be used in crossed achro- 
matic couples. Rendtorff ^ has also made similar determinations 

» L. c. 
2 L. c. 
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using a grating. This method has revealed persistent errors in old 
determinations of the orders of plates arising from the assumption 
that, if 

_ 5/ - 3^1' 

we shall have N' = N'\ which is seriously in error in the compari- 
son of one crystal with another, as is customary with crystallog- 
raphers. Thus, if 

we should have 

N^ ^ N^f j^ const, 
or 

•''(/<.' -O - '' (/-." - ft") + 'onst. ( 1 2) 

and ix^ and yt/^ are the two principal indices. 

Mouton* claimed to have obtained anomalous differential dis- 
persion in selenite. An examination of Rendtorff's bands by means 
of the maximum-minimum criteria, shows no such fluctuations. 
That such anomalies are present in other regions may be expected, 
since the natural frequencies of the two rectangular components 
are usually different, as exists in the case of tourmaline, Iceland 
Spar, etc. That such bands may be tested by our criteria is evident 
from the factors constituting N, which is evidently a mixed system 
and, hence, conformable to our rules, being a difference instead of 
a summation system, the one having a slow variation in the dis- 
persion since it is not near its natural frequency. Hence our com- 
parison bands may be bands from thin films, or they may be differ- 
ential bands from another crystal having no anomaly in this region. 
The applications of this method in the case of crystals, as well as 
the experimental arrangements for making the comparisons, may 
be found in the papers already referred to. 

» Wien, Ak. Ber., XXXVI. (2), p. 793, 1877. 
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AcROMATic Compensation and Interference. 
In many of the determinations of the velocities of systems of 
waves in different media, white light is used in an interferometer 
and the measurements are made to depend upon the position of the 
so-called "central" or white band. When a zero method is 
adopted, an optical compensation is used to bring back this " cen- 
tral " band to the fiducial line. If this is not done the apparent 
displacement of this band is usually measured directly. Either of 
these methods may introduce serious errors in the results. Con- 
siderations, similar to those mentioned above as to the achromatism 
of the two systems of interfering rays, will enable us to determine 
when such errors do enter, and their proper corrections. In the 
" zero '* method, the compensation is produced either by an adjust- 
ment of one of the surface elements of the interferometer or by 
the introduction of an additional amount of a retarding medium. 
An example of the former practice is shown in the Michelson type 
and of the latter in the Jamin type of inteferometer. It is evi- 
dent that both the zero and the displacement methods involve essen- 
tially the same chromatic diflferentiation, since in both we have the 
introduction of like compensating components. We may therefore 
discuss them under the same head. Such systems are mixed sys- 
tems the consideration of which may be reduced to that of two 
elements, namely, the one to be examined and the other the com- 
pensating factor. The compensating medium is thus either a vac- 
uum (or air) or a solid (like glass, mica, etc.) or a liquid (such as 
the solvent in a solution, etc.). Referring to equations (9), we have 
now, as the condition of a white band, our equation of reference 

dN _ dN^ 
— ^/ ~ — ^/ 
or 

Thus our so-called white band will be achromatic to a greater or less 
degree, depending on the extent of the region over which the first 
equality holds. If then sNj, is the order of the compensating ele- 
ments s{N^-\'k)jy must be the order of effect introduced by the un- 
known element. The constant k should be determined beforehand 
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under the same conditions of luminosity, absorption, etc., as those 
of the compensation. Thus, if the silicate crown glass strips, 
usually mounted in connection with Jamin's interferometer, were to 
be used to compensate displacements due to borate flint specimens, 
errors would enter in, since, in this case, k ^o. Similar errors 
would occur in comparing the solution of certain substances with 
the solvent itself. When the compensation consists of a displace- 
ment of one of the surface elements, the compensating medium is 
usually air (where of course the paths are so small that dispersion 
does not enter), and we should not have an achromatic band, unless 
a region of inflection of the refractive index of the medium existed 
over the most luminous part of the spectrum used, so as to give a 
nearly constant index. If this condition did not obtain, the so-called 
central band would be imperfectly achromatized. Stokes^ has 
already called attention to the error in the latter instance in deter- 
mining refractive indices by the displacement of the bands. This 
phenomena, referred to by Stokes, is, however, accompanied by a 
certain amount of chromatism of the band, and for this reason the 
error is readily detected. In the examples mentioned above this 
error cannot be thus detected. Our only resource is the use of 
spectral bands, if a preliminary examination of the two elements is 
not made beforehand. Mention may again be made of the con- 
venience of this system on account of our ability to determine the 
order by the method of counting. Thus, if we are determining the 
index (and dispersion) of a gas, it is quite unnecessary to count 
the total number of bands, on the introduction of the gas into the 
path of one of the interfering rays. We only need to vary the 
quantity by a slight amount, in order to get the number of pas- 
sages m of the bands at any point in the spectrum and note the 
ratio of n. The same would hold in the case of solids, solutions, 
etc. The tediousness of many of the old measurements could thus 
be greatly reduced. 

Attention might also be called to the test for anomalies, in sUch 
measurements on gases, which would occur near the region of ab- 
sorption. 

The fact that we may have achromatism without the orders being 
the same, /. e,, k ^o/\l 

1 Math, and Phys. Papers, Vol. II., p. 361. 
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dN dN, 



shows that in the experiments on so-called Talbot's bands we should 
not obtain them, even when the retardation is introduced in the 
appropriate way. 

Achromatic Refracting Systems. 
We may extend to achromatic systems a treatment ^ similar to 
that which I have already given, in discussing the variation in direc- 
tion which is produced by any arbitrary system of reflecting and 
refracting surfaces upon a ray which has been subjected to a 
change in its velocity or in the phase of its vibration. Consider the 
refraction of paraxial rays, N^ and iV", at a series of surfaces, Jj, 
jj • • . J^, very near together. The order of the undeviated ray is 

A" =x NJ + iV/ + A^/ H h NJ, and that of a ray at a distance 

8s from the axis is 

A'' = iV;' -h iV^/' + iV/' -h .. . + A-/' = A^' + A^/ + iV/ 

In all cases of refraction at a surface, destructive interference 
must occur at all points in space, corresponding to this interval, 
beyond the surfaces, except at a point on the undeviated ray which 
is designated as the focus of the system of rays. All disturbances 
must therefore arrive in the same phase at this point. Hence 

or 

This corresponds to the condition of zero spherical aberration. 
The order of the axial ray for some other wave-length, X + 8X, is 

N' = A,' + -^l dX + N/ + -^ dX 

d V ' dN ' 

• Phil. Mag., Apr., 1 901, p. 464. 
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and for a ray of the same wave-length at distance ds is 

dN'' dN'' dNJ' 

5^ ^ ds dk dAds 



5A^ ' 5A^ ' 3^N 

As A^ = iV" for every wave-length, we must have as before 

17 = ° 

and also 

_=,o or -^ = const. (15) 

We shall now transform these equations so as to embody the fac- 
tors of index, curvature, etc., used in the ordinary treatment of 
refracting surfaces. Let there be a single refracting surface s^. 
Fig. 4, whose radius of curvature is Vy 

Since ^^^ 



^-T. ^ 


>-" 


W' ' X 


^^--.^ 


we have 


Uo 


i 


u, 


"^^-^^ (-) 




V-Si 

Fig. 4. 




By geometry we have also 








dl ds 
ds "" 2/ 






('7) 



Since we are dealing with paraxial systems in which we neglect 
second-order small quantities, if we put ds = 2, we have 
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laciant to the surface s^ 

-M(^-^j- (19) 

B^ to the image of the radiant, 

- '-.V,)-0 
have 

f^i N _ fh - ft 



»-> 



or — - = 



u 1 ft- I 



• (2') 



(22) 




bounded by two surfaces s^ and i^ 
imc similarly 






(19) 

(20) 
(23) 

(24) 



PL 
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/i «» «« V/'o /V^'i ''j/ 

or. if/i„=I (25) 

Consider now two lenses in contact; equation (15) gives us the 
condition for achromatism for the two wave-lengths X and k + dL 
We must therefore substitute in (15) the values of dNjds given in 
(19), (20) and (23), and differentiate with respect to X, Thus for 
the first lens, 

i/^iUi(i-I\^^-^/i-i\ (27) 

d)Ads ) k \r, rj dk k'\r, rj ^^^^ 

dk\ ds } "^ k \r^^ uj dk k'\r^ uj' ^^"^^ 

For the second lens, 

ll^J^A-HL_L\^Ji*_f'^L_l\ (20) 

dX\ds) X\u, rJdX A^\u^ rJ ^''^> 

d iSN^\ I / 1 I \ ^y«j 



dl 



(i^')-i(7.4)i;'-f(7.-.7) <^°> 

dX\ds) X\r^ uj dX X'\r^ uj' ^^ ' 

Making fi^ = ii^ = [i^= i and substituting the above values in (15), 
we have 

dXds ' 



(32) 



\ds-X^ f L \r. rJ dX^Xr^ rJ dX\ 

.[(^-.)(';-i>(ft-.)(i-^j.„^-i]}-o. 
From (24) and (25) we see that we must have 
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and 

Substituting 
in (33), we have also 



/,(;«, - I) 5A VsCa*,- I) SX 



(35) 



From these equations we may calculate the values of Tj- • • r^ which 
will unite the wave-lengths X and ^ + 5^ in the conjugate points u^ 
and u^ on the axis. 

Substituting in (33) the value of the curvatures from (20), we 
have 

X dfJL, dN. X dfjL. dN, 

This shows that dNJds must be of opposite sigfn to dNJds for normal 
dispersion. Hence the variation in thickness of the one lens must 
be opposite to that of the other to obtain achromatism. 

The value of (dfiJdX)/{dftJdX) from (33) may be readily obtained 
by means of spectral bands. We have from (5) 

-dX~'X* 

-dX~ X* ^ X -dX ^^'^ 



^3 _^3^s., ^iZ's 
-dX~ /» "^ X -dk 



If we make N, = N^ — N^ we have 



<i. 


-dx~ 


dN, 

-dx 


-dX 


d\ 


-dX 


-dN„ - 
-dX 


-dx 



(38) 
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Thus if we have air-bands in juxtaposition with the bands of the 
first medium, and then with those of the second medium, and adjust 
until they have the same order for one wave-length, k^, say, the 
ratio of the respective increments in order, over the air-bands for 
another wave-length, will be the ratio of the increments in indices 
sought. 

In order that m wave-lengths may have a common focus, m 
lenses would be required, and we should find in a similar way the 
following m^ I equations, 

(39) 



i^^/I I \ ^/^ ■ . / ' ' ^ ^^--' _o 






or 



; ; ; ! (40) 

and the focal equation 

III I , X / I I \ 

^ J\ Jt Jlm-l ^ '1 ' 2 ' 

(41) 

Here dk^, dk^, • • • Sk^^^ are the increments in wave-lengths referred 
to some specified wave-length, kj,, say ; and dfi^, dfi^ • • • S/i^_^f the 
corresponding increments in index in each lens. 

The above equations show that the order of sequence of the lenses 
is arbitrary. This method of satisfying the equation of achromatism 
(15), by achromatizing for different wave-lengths, gives rise to so- 
called secondary spectra. 

We may, however, satisfy this equation of condition in a different 
way, which can now be realized, in part at least, experimentally. 
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with less residual chromatism than the old method of using a greater 
number of lenses. 

Instead of using m lenses of different indices, we may combine 
two having w + i color coincidences. We shall then have the m 
equations, 

?^^Lli^ ^1 ^2 ^s ^A- 
dX^ds^ dX^ \ ds ■*" ds "^ IF "^ 17 + 17 / ~ ^ 

dl'N S_idN^ dN, dN^ ^N^ dN^\ 

dk^s'dk^ \ ^^ + ^^ + ds + 17 + ir/ = ^ (4^) 

dXjs'^dxJ^ ds '^ ds "^ ds '^ 17+ 'dit^^ 

Proceeding in the same way as with (32), we should thus have 
the m equations 

and the focal equation 

;^+^ = (;'.-i)(^-7J + ;^-i(^-^)- (34) 

We have seen how, by means of (37) and (38), to achromatize for 
two wave-lengths by means of two lenses. We may by means of 
(43) achromatize for w + i wave-lengths by means of two lenses. 
Suppose »^ = 2, we have then to find the corresponding equations 
similar to (38) in terms of their orders. We have from (5) 

-dk^" X^ 

-•'dX, " ;2 -1- -^ _g;^^ 

^dL" X' ■*■ x-dx^ w; 



''2 '' '^ ^''2 
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-^A, ~ X^ "^ X -dx^ 

where dX^ and 5^ are the increments in wave-length, referred to some 
wave-length of reference Xj^, of any two other wave-lengths, X^ and 
Xp, say. 

If we make iV, = iV| = N^ we shall have 



(45) 



-dxr 


-dX, 


-dX, 


dN^ 


dN, - 


^A*. 


-dX, 

-dxr 


-dX, 
-dX, 


-dX, 
-dX, 


dN^ 


dN, - 


3f^ • 



(46) 



— dX^ — dX^ — dX^ 



But (43) requires that 



- dX^ - dX^ 



and hence we must have 






(47) 






(48) 



— dX^ — ^.ij — dX^ — 5/2 



Equations (34) and (38) are the conditions for achromatism of two 
colors, while (48) is the further condition for achromatism of three 
colors by means of two lenses. Thus, suppose we have our three 
sets of spectral bands in the field of view, the air-bands being in the 
middle, we set for coincidence at the Z?-line say, making the sets of 
the same order, which can readily be accomplished by varying the 
thicknesses successively and counting the bands, as described above. 
The eye may then note the gain relatively to the air-bands of each 
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of the Other sets of bands on each side of the Z^-line. If these two 
ratios should become equal at two points on each side of the Z?-line, 
we know that we shall have chromatic compensation for all three 
colors. Should we fail to find this condition satisfied, we may shift 
the region of coincidence with the air-bands to some other point and 
examine for a closer approximation of the ratios, and so on. Very- 
close approximations to such ratios are now possible with certain 
combinations of the silicate and borate glasses, such as those 
obtainable from the Jena factory. Compare, for example, factory 
Nos. 0.152 and S.7, whose partial dispersions for A' — Dy D -^ F, 
F— G' are .628, .708, .582 and .628, .708 and .583 respectively. 
The facility with which comparisons may be made with different 
experimental castings in obtaining new series and pairs of glasses 
is evident from the above discussion. 

The treatment for media with plane surfaces, /. e., achromatic 
prisms, is similar to that for curved surfaces or lenses. Thus in 
the case of two thin prisms, we have to satisfy equations (14) and 
(15). We obtain, as before, 

ds X ds k k 

^ = ^^ = ytan V = '^/'. 

OS Ads A / 

where i is the angle of incidence and a that of the prism. From 
(14) we have 

dN dN dN dN fi f^,,f^., ^ 

Making n^-= n=s i, we have, calling D the deviation, 

i+i' -fi^a^^o (50) 

or, since D = i -^-i' — a, we must have 

/?=(//,- I) a,. (51) 
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Similarly for two prisms we should find 

h + h' - t^i^i + h + h' - A^a^s = o» (S3) 



or 



Z? = (/ij-l)^l+(/i3- 1)^3. (54) 

Differentiating (49), we have 



dkos 












d/.ds ~ 






dXds~ 






S'N 
dXds~ 


T 


dk "^ ;>^ 


dids ~ 







(55) 



If we make fi^ = fi^=s ft^ss i, we still have 

' ^ -• ^ (56) 

+ V - f'l^i - /«»«»] [ = o 
or from (53) 

'^•l'+'^4? = °- (57) 

It is evident from this equation that the angles a^ and a^ must 
have opposite signs. We may proceed to a higher order of 
achromatism by using a greater number of prisms, just as with 
lenses, obtaining equations similar to (39) and (40). Or we may 
reduce the residual chromatism in a pair of prisms by satisfying the 
equation (48) in addition to (53) and (57). 

Physical Laboratory, 

University of Nebraska, Lincoln. 
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THE RATE OF RECOMBINATION OF THE IONS 

IN AIR. 

By L. L. Hendren. 

TF a gas is ionized by any ionizing agent such as Rontgen or 
-^ radium rays the positive and negative ions will immediately 
begin to recombine due to their motion and mutual attractions. A 
simple law, first suggested by J. J. Thomson and Rutherford^ and 
obtained by analogy from the law of mass action in physical chem- 
istry, has been found to cover this phenomenon. It states that the 
rate of disappearance of either charge is proportional to the positive 
and negative electrical densities, / and n. Thus 

dp dn 

where the proportionality (actor a is called the coefficient of recom- 
bination. 

If / and n represent the number of ions per c.c. instead of the 
charges on these ions the coefficient will be the a above times ^, the 
charge on one ion. 

Rutherford,* McClung ' and Langevin * have investigated this law 
with the conclusion that it is a true one, while Townsend,* McClung 
and Langevin have determined the value of the coefficient a for 
several gases, agreeing with each other as to its value well within 
the experimental error at atmospheric pressure. For the variation 
of a with the pressure however, which has been taken up for air 
by McClung and Langevin, the agreement has not been so good ; 
McClung coming to the conclusion that the coefficient of recombi- 

» Phil. Mag., v., 2, p. 92, 896. 

«Phil. Mag., Nov., 1897, p. 44; Jan., 1899. 

*Phil. Mag., March, 1902. 

* Thdse pr^sent^e k la Faculty des Sciences. 

*Phil. Trans. Roy. Soc., p. 157, 1S99. 
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nation is independent of the pressure, while Langevin obtained a 
rapid decrease. - 

The purpose of the present investigation was to obtain additional 
data as to the variation of the coefficient of recombination with the 
pressure, also to obtain values below the limits of pressure pre- 
viously used. 

The results of the work given in a later paragraph show that a 
decreases with the pressure, though not so rapidly as Langevin's 
results would indicate. Determinations were made down to 10 
mm. pressure as compared with 100 mm. and 150 mm., the 
limits reached by McClung and Langerin respectively. Values of 
the coefficient of diffiision of the ions were also obtained at 20 and 
10 mm. pressure. 

Method of McClung. 
Calling q the total charge on the ions, positive or negative, pro- 
duced per second by the ionizing agent in each c.c. of the gas, and 
assuming that there is an equal number of positive and negative 
ions in each c.c. 

^^q^off. (2) 

Thus after the ionization begins the number of ions in the gas 
will constantly increase until a state of equilibrium is reached be- 
tween the rate of recombination a«* and the rate of production q^ 
i, ^., until dnjclt = o, when we have the relation 



«=-^. (3) 



or if Q and N represent the volume integrals of q and « in a cer- 
tain volume V 

'^ = ^.K (4) 

where A!' is a constant depending upon the dimensions of the vessel 
used as an ionization chamber, and determined by the distribution 
of the ionization. If the ionization is uniform K= V. Using this 
formula McClung made a direct determination of a. His ionizing 
agent was the Rontgen rays which ionized the gas contained in a 
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cylindrical vessel 20 cm. long and separated into ten compart- 
ments by thin aluminum partitions. The alternate partitions were 
connected to each other and acted as electrodes. The Q above, 
which is the saturation current, was determined in the usual way 
by noting, by means of the movement of an electrometer needle, 
the rate of charge of a known capacity connected in parallel with 
the electrometer and one set of electrodes, against which the ions 
were being driven by a saturation potential. 

The instantaneous value of the free charge N was measured by 
allowing the Rontgen rays to ionize the gas until a steady state 
was reached, then stopping the ionization by breaking the primary 
circuit of the induction coil, and simultaneously with the stopping of 
the rays, throwing on a saturation potential across the electrodes, 
thus driving all the ions present in the gas against the electrodes. 
The charge N on these ions was obtained by noting on an elec- 
trometer the potential to which a known capacity was raised. 

Method of Langevin. 
Langevin's experimental determination of a is based on a very 
important theory in which he proves that practically all of the re- 
combination of the ions can be accounted for by the consideration 
of their mutual attractions. On this basis he obtains the formula 

a = 4;r(*j + ^Je 

in which {k^ -f k^ is the sum of the specific velocities of the ions 
and € is the fraction of the whole number of collisions which result 
in recombination. The k^ + k^ was measured directly while e was 
obtained from experiments based on a further consideration of the 
theory of ionization. The velocities of the ions increase with de- 
creasing pressure and the e, due to the large kinetic energy of the 
ions for long free paths, decreases, thus theoretically it cannot be 
predicted whether a should decrease with decreasing pressure or 
not. Langevin as stated before found a rapid decrease. 

Method and Description of the Apparatus. 
The method adopted in the present case is similar to that of Mc- 
Clung*s in that it depends upon the formula 
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but diflfers from his in that radium was used as the ionizing agent 
and the N was determined in a new way. For the determination 
of N, the charge on the ions present in the gas at any time after a 
steady state has been reached, it was not attempted to stop the 
ionization, but the electromotive force was allowed to act across 
the electrodes for varying intervals of time and the charges thus 
obtained were corrected for the rate of production during that time. 

By the use of radium a great ionization compared with that pos- 
sible from Rontgen rays can be obtained. Also the very serious 
difficulty of the inconstancy of the radiation, encountered by other 
observers in the use of Rontgen rays, is avoided, as the intensity of 
the radium radiations are very constant after the radium has reached 
a steady state. The chief objection to its use is the error brought 
in by the uneven distribution of the ionization due to the absorption 
of the rays. This will be discussed later. 

The diagrammatic arrangement of the apparatus is shown in 
Fig. I. 

A and B are two aluminum plates, respectively 26 and 30 cm. 
in diameter, supported and insulated by hard rubber and mounted 
inside a large glass bell-jar. Both A and B were coated as uni- 
formly and equally as possible with a solution of very active radium 
chloride, about one milligram of the salt being in the solution. In 
a majority of the experiments A and B were 6 cm. apart. An 
aluminum ring G, 1.5 cm. wide, was placed around A with .5 cm. 
space between. This ring was also coated with radium and acted 
as a guard ring, tending to make the ionization of the volume of 
gas under the plate A more uniform with respect to the plane of 
the plates. G was kept grounded so that only the ions directly 
under A would be driven into ^ by a potential on B, Those ions 
contained in the volume extending out half way between A and G 
were assumed to be caught by A, thus making the effective area 
572 sq. cm. The upper plate A was connected through the key 
K^ to the variable known capacity C and this was connected through 
the key K^ in parallel with the electrometer, which was of the 
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Dolazalek type. For the purposes of the experiment it was neces- 
sary to be able to apply an electromotive force to the electrode B 
for varying intervals, of time. To accomplish this the plate B was 
connected in series with a very high resistance to one terminal of a 
variable high potential source, the other end of which was grounded. 
A second circuit was run from B to the earth through the break- 
circuit key T^ and the make circuit key T^, 



Both T^j and 



T^ were 



^z. 



To Pomp 




4-^ 



Fig. 1. 

placed on adjustable mounts in the path of a pendulum swinging in 
the path indicated by the arrow. By this arrangement when either 
7| or 7^2 was closed B was at zero potential and at the potential of 
the battery for Tj and T^ both open. The pendulum arrangement 
was calibrated so that the electromotive force could be thrown 
across B-A for intervals of time varying from . i to .4 second. 

Method of Observation. 
The saturation current Q was obtained in the usual way by not- 
ing on the electrometer the rate of increase of the potential of the 
known capacity C with the time. A correction was applied to allow 
for the leak from the plate A to the guard ring. This correction 
was not large as A was never charged to more than one half a volt. 
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Care was always taken to have a sufficient potential across B-A to 
drive out the ions as fast as they were produced, thus getting a true 
saturation current. Due to the large ionization at high pressures, 
the saturation potential was very high, 6,000 volts being necessary 
at atmospheric pressure for the plates 6 cm. apart. The method 
of experimenting for the determination of N^ the amount of free 
electricity on the ions after the gas has reached a steady state was 
as follows : First, the capacity C was placed at a suitable value, the 
three keys, K^ K^ and K^ were closed, as was also the break con- 
tact key 7|, thus grounding the system. T^ was left open and a 
distance corresponding to . i sec. left between T^ and T^, The pen- 
dulum was now swung and at the same time the key 7J was auto- 
matically opened, insulating the capacity and electrode A, When 
the pendulum opened T^ the ground was removed and the potential 
of the battery was across B-A for .1 sec, until T^ was closed. 
Thus a certain charge was thrown into the capacity, consisting of 
the quantity of free charge N^ on the ions in the gas plus the amount 
on the ions produced by the radium radiation during .1 sec. 
Simultaneously with the closing of the key Z,, another circuit, not 
shown in the figure, was closed, thus actuating the electromagnet 
M which opened the key K^ and so insulated the capacity C con- 
taining the charge. This was done in order to make the leak back 
through the ionized gas as small as possible. The time from the 
closing of 7^2 to the opening of K^ was about . i sec. The charge 
on C was now measured by closing the key K^ and noting the 
deflection on the electrometer. The operation was now repeated 
with the potential across B-A for .2 sec, giving a second charge 
consisting of the iVas before plus the charge produced for .2 sec 
Thus by taking several successive equal intervals of time, throws 
were obtained which when carried back to zero time gave the throw 
corresponding to N. A complete set of such readings for air at 
100 mm. pressure is given in Table i and the resulting curve by 
the dotted line in Fig. 2. The throws as indicated on the electrom- 
eter need two corrections ; one for the loss of charge due to the 
leak back through the ionized gas during the . i sec. elapsing be- 
tween the closing of T^ and the opening of K^ ; the second for the 
leak from the plate A to the guard ring, which begins to come in 
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when T^ is opened and continues with increasing value until K^ is 
opened. The amount of these corrections depends upon the poten- 
tial to which C and A are charged and are therefore larger for the 
longer intervals. The full line in Fig. 2 shows the curve corrected 
for these two errors. It is seen there that although the corrections 
may be quite large they effect the value obtained for N compara- 
tively little, merely increasing the slope of the line. For the given 
pressure, lOO mm. these errors were nearly at a maximum, being 
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Fig. 2. 

much smaller at higher pressures and not so very much larger at 
the smallest pressures used. 

By this method of obtaining iV, all disturbances, such as leaks 
across the electrodes, irregularities in the ionization due to sec- 
ondary actions of the radiation at the plates or other causes, were 
eliminated, as they tended merely to effect the slope of the line and 
not the place where it cuts the axis. The regularity of the readings 
is shown by the example in Table I. These readings could be re- 
peated at any time fairly closely. 

Table I. 

Illustrative Set of Readings, 

Pressure loo mm. Distance between plates 6 mm. Volume 3435 c.c. Sensitive- 
ness of electrometer 224 divisions for I volt on quadrants and 52 volts on needle. 

For the saturation current Q'. Capacity = .9 microfarads. Volts across plates 44a 
Time for 30 div., 14 sees. Leak to guard ring 1.6 divs. in 14 sees. 
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^ = 31.6 divs. in 14 sees. rz= 27.2 E. S. units per sec. 

For iV: Sensitiveness, 224 divs. for I volL Capacity .0102 M.F. 



Time E.M.P. Acted Acroaa Plates (Sees.). 


i .X 


.9 


.3 








! 76 


97 


117 








1 77 


98 


118 


• Scale divisions. 






76 


96.5 


119 








78 


99 


116.4 








76 


97 


116 


Average. 






76.6* 


97.5 


117.3 


Leak back through 


ionized 


gas. 


2.5 


3.2 


3.9 


Leak to guard ring. 






.8 


2.4 


4.4 


Corrected average. 






__^ _7?.9_ 


10X1 


125.6 







Rate of leak back through ionized gas 32 divs. /sec. at 100 divs. deflection. Time 
of leak .1 sec. Rate of leak to guard-ring 12 divs. /sec. at 100 divs. deflection. 

.'. iV(sce Fig. 2) =57.2 divs. =7.76 E. S. units. 
Q 



N* 



V= 1,550. 



Care was taken to have the air dry and dust-free by passing it 
through phosphorus pentoxide and cotton wool before letting it 
into the pump and vessel. Also the question of a saturation poten- 
tial for N had to be carefully looked into, as it was found that it 
took a higher potential to insure a maximum throw for N than it 
did for Q at the same pressure. 

Distribution of the Ionization. 

It is evident that with a certain rate of production the number of 
ions in the gas between the plates for a steady state will depend 
upon the distribution of the ionization. For by equation (i), the 
number of ions disappearing per sec. in one c.c. varies as the square 
of the number present, therefore a steady state will be reached with 
a smaller value of N for large ionization gradients than for small 
ones. To take this into account it is necessary to know the law of 
the distribution of the ions. 

Rutherford ^ has shown experimentally that the intensity of the 
ionization due to a large plane surface of active matter, such as 
radium or uranium, falls off approximately according to an expo- 

iphil. Mag., Jan., 1899 ; ** Radioactivity," p. 56. 
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86.6 
70.8 
44 
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(7) 
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Q 
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Calculated for A = .05. 


106 








106 


101 




1 


101.5 


94 




1 


94 


77 




1 


78 


55 
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60.7 


28.2 






36.7 


14.2 
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nential law with the distance from the plates, /. ^., calling q the rate 

of production of the ions per c.c. at a point distant ^ from the active 

plate 

q = q^e-^y^ 

where q^ is the rate of production at the surface and / the absorp- 
tion constant. This result is deduced theoretically on the assump- 
tion that the ionization is proportional to the intensity of the 
radiation and that. the energy of the rays is used up in producing 
ions. Bragg* later on showed that this exponential law is not 
necessarily a true one. but might hold very closely for the complex 
radiations from radium spread over a large surface. 

In the present case we have rather complex conditions, the ioni- 
zation being due chiefly to the a rays from the radium on the two 
plates, but the ^ rays and the radiation from the emanation 
throughout the volume of the gas also play some part. To obtain 
the actual distribution the exponential law was assumed and exper- 
iments made to find out how closely it held and for what value of h 

Taking the origin of coordinates half way between the plates 
which are 2a cm. apart, and the axis x at right angles to the plane 
of the plates, we have by the exponential law 

? = (7„^-*^"-" + ?o''-""*'' (5) 

each factor being the contribution of one plate to the ionization q 
at the point x 

Taking the volume integral of q 

(2= fqdv = A I 4^^,[r-^<«-'> + ^-^^«-^^>]rt^;r, 

A being the area of one plate. 

Integrating, 

I — r"^" 
e=2^^,— .„ -. (6) 

Using this equation and obtaining saturation currents for differ- 
ent distances between the plates it was found that the conditions 
were closely satisfied for the value ^ = .05, a being expressed in 

» Phil. Mag., Dec, 1904. 
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millimeters. This value of / was obtained by taking any two dis- 
tances with the corresponding Qs, giving two equations of the 
form of (6) from which q^ was eliminated. Knowing X and starting 
with the Q for 60 mm. distance the other Q's can be calculated. 
These values are shown in Table II. 





Table II. 

. Pressure 760 ffim. 








Q 
Observed. 






Distance Between Plates. 


Calculated lor A = 

106 
86.6 
70.8 
44 


.05. 


60 mm. 
30 
20 
10 


106 
87 
70.8 
45.6 













The constant X has been found by Rutherford^ to vary approx- 
imately inversely as the density of the absorbing matter. There- 
fore calling ^j the constant at a pressure p^ and X its value at 760 
mm., we can write eq. (6), since q^ also varies as the pressure 



Q^ = 2Aq^' (i — r-2«^^/76o) 



(7) 



Here Q^^ is the saturation current at the pressure /, and q^' the rate 
of production per c.c. at the radiating surface at 760 mm. pressure. 
This equation expresses the variation of the saturation current with 
the pressure of the gas. Observed values of this variation, also 
values calculated for X = .05, are given in Table III. 

Table III. 

Plates 60 mm. apart, « = 30 mm. 



Pressure. 


Q 
Observed. 


Q 
Calculated for A = .05. 


760 


106 


106 


600 


101 


101.5 


450 


94 


94 


300 


77 


78 


200 


55 


60.7 


100 


28.2 


36.7 


50 


14.2 





* *• Radioactivity," p. 1 37. 
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Fig. 3 shows these values plotted. The full line curve shows 
the observed variation of Q with the pressure, the dotted line the 
calculated variation. At high pressure the coincidence is very 
close. Thus we are justified in assuming that at high pressures at 
least the distribution is given by the exponential law with .05 as 
the value of the absorption constant. Below 300 mm. pressure the 
curve is nearly a straight line and the ionization is practically uni- 
form, and so we need no correction. 

The value of ^ = .05 obtained here is much smaller than the value 
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.9 given by Rutherford* as the absorption constant for the a-rays 
from radium. His value, however, was obtained by a somewhat 
different method, under different experimental conditions from the 
ones used here. In his work radiferous barium was used and the 
ionization* measured after a good part of the radiation had been 
absorbed by passing through air and aluminium, thus getting a 
portion of the more easily absorbed a-rays. Also the curves given 
by Rutherford^ for variation of the saturation current with the pres- 
sure between two large parallel plates, one of which was active, fall 

1 ** Radioactivity,** p. 137. 

2 Phil. Mag., Jan., 1899, pp. 130, 138. 
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off much more rapidly than his theory would indicate, using such 
a large value of X. 

Correction to a for Uneven Distribution of the Ionization/ 

Suppose n as before to be the electric density of the free charge 
at the point x when a steady state has been reached. Taking the 
volume integral 

N^Jndv, 

but by equations (3) and (5) 
therefore 



But as the ionization is symmetrical out from the middle point 
toward either plate the lower limit can be changed from — ^ to o 
if the integral is multiplied by the factor 2. Doing this, and 
rewriting 

N=2aI^\ e-i^^re^(i +r'^)Ux. 

Expanding (i + e"^^)^ by the Binomial Theorem, multiplying 
by r*^, integrating the series term by term and simplifying we have 

.^=^^(«fi[(4-K'"'+VT^'^++)-^"*""(4-|+^++)]- 

Since in these experiments k is .05 and a 30, Xa has the value. 15, 
and both of these series are rapidly converging, therefore a close 
approximation is obtained by neglecting all except the first two 
terms of the first series and taking 3.38 as the sum of the second. 
Thus 



a) X 

* See McClung* s article, loc. cit. 



^=^^(t) X 
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But from equation (6) 

_ ^Q 

Substituting this value and solving for a 

The exponential term in this equation should be equal to 6, the 
number of cm. between the plates for uniform ionization. For the 
value >l« = .15 this term becomes equal to 5.9. Therefore even at 
atmospheric pressures the correction for uneven distribution is very 
small and a can be taken equal to QV\N^ where V\s the volume of 
gas between the plates. 

Effect of Diffusion at Low Pressures. 
At above icx) mm. pressure it was found that with the plates 
6 cm. apart the loss of ions due to diffusion to the plates and sides 
of the vessel was negligibly small compared with the loss due to 
recombination proper. Below this pressure however the observed 
N began to decrease very rapidly due to diffusion and 

to increase correspondingly. It is easily seen how this would 
come about, since if the loss of ions due to diffusion is appreciable 
a steady state will be reached for a smaller value of iVthan it would 
if there was no such loss. 

Due to diffusion there will be an ionization gradient along x from 
the plane midway between the plates out to their surfaces, where 
there will be no ionization, the ions there present giving up their 
charges to the plates. The charge on the ions crossing unit area 
in unit time due to the gradient dttjdx will be D dnjdx^ where D is 
the coefficient of diffusion. Therefore the rate of increase of free 
charge in any unit volume will be D d^njdx^. Thus for a steady 
state 

d^n 



q = a//2 — D 



dx 



.2 • 
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A satisfactory solution of this equation is not easily found, but 
for the special case where the factor due to recombination is 
negligibly small, J. J. Thomson^ gives the solution 



»=\ni^-^'). 



from which 



D 






(8) 



2a being the distance between the plates. 

This Nq represents the charge on the ions which would be in the 
gas for a steady state if the ions disappeared by diffusion only. 
The coefficient of diffusion D has been shown by Townsend ^ to 
vary inversely as the pressure down to 200 mm. so that the loss due 
to diffusion increases as the pressure decreases. Also it is seen that 
the diffusion effect varies inversely as the square of the distance 
between the plates. 

This rapid increase of the diffusion effect as the plates get close 
together was used to get an idea of the error in the observed N 
brought in by diffusion. 

A series of determinations of N and Q were made for different 
distances between the plates. These results are shown for pres- 
sures of 50, 20 and 10 mm. in tables IV.-VI. The fourth column 
of these tables show the very rapid rise, with the small distances, 
of the quantity Q/JV^ F which would be a, the coefficient of recom- 

Table IV. 

Area of Platff 572 sq. cm. Pressure, 50 mm. 



Distance Between 
Plates. 


16 
14.2 
t 7.64 
1 5.7 


A^. 




^D. 


8 cm. 
6 
3 
2 


7.4 
5.9 
2.9 
1.9 


1,340 

1 1,380 

1,570 

1,830 


160 

80 

16 

4 



Limiting value of a^ is a^^ 1,310. 

* J. J. Thomson, ** Conduction of Electrfcity through Gases," p. 20. 
'Townsend, Phil. Trans., A, 195, p. 2 9, 1900. 
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Table V. 

Pressure^ 20 mm. 



Distance Between 
Plates. 


Q- 


N 




^/>. 


8 cm. 


6.4 


4.75 


1,290 


25.6 


6 


4.7 


3.14 


1,600 


10.5 


3 


3.0 


1.14 


4,000 


L7 


2 


2.3 


.52 


10,000 


.58 



Limiting value of a' =ia = 1,150. 

Table VI. 

Pressure^ 10 mm. 



Distance Between 






Q ^ . 


^D. 


Plates. 


Q- 


A': 


^y--'- 


8 cm. 


3.1 


2.7 


2,100 


6.2 


6 


2.4 


L4 


4,000 


2.7 


3 


L6 


.38 


19,000 


.45 


2 


1.21 


.143 


68,000 


.15 



Limiting value of a' ^=a^=^ 1,000. 

bination, if all the loss of ions was considered due to recombina- 
tion. It is evident that if there was no diffusion, this quantity 
QIN^ V, which will be called the apparent a and denoted by a! 
would be independent of the distance between the plates. 

To obtain a at each pressure a curve was plotted between a! as 
ordinate and the distances between the plates as abscissa, and the 
value of a! for which this curve became a straight line parallel to 
the horizontal axis was taken as the true coefficient of recombina- 
tion. These curves are shown in Fig. 4. 

At 50 mm. pressure it is seen that diffusion makes very little 
error in a even when the plates are 2 cm. distance apart, while at 
10 mm. pressure for the small distances between plates it has a 
very great effect, the loss of ions due to diffusion evidently exceed- 
ing that due to recombination. The values of a finally adopted 
and given in Tables IV.-VI. were taken from these curves plotted 
on a much larger scale. 

A good idea of the way in which diffusion and recombination 
cntrr at the different pressures and' distances may be obtained by a 



^ 
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consideration of the experimental values of N in the Tables IV.- 
VI. and the values given in the last column headed Nj,, This Nj^ 
is the value of N which would have been expected if the loss of the 
ions balancing the rate of production Q was due to diffusion only. 
They are calculated from equation (8) taking the coefficient of dif- 
fusion D at Townsend's value of .035 for atmospheric pressure and 
assuming it to vary inversely with the pressure. The larger the 
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value of Njy compared with N the less the effect of diffusion. Thus 
at 50 mm. pressure and the plates 8 cm. apart, diffusion plays 
very little part, but at 10 mm. pressure for the plates 2 cm. apart 
it accounts for nearly the entire loss of ions. 

For pressures below 10 mm. pressure and with vessels of ordi- 
nary dimensions as in discharge tubes, for instance, practically all 
of the ions disappear by diffusion to the sides of the vessel. 

The Coefficient of Diffusion at Low Pressures. 
For 20 mm. and 10 mm. pressures and for the small distances 
between the plates diffusion has been seen to play the important 
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part. Proceeding in a manner analogous to the method adopted 
for getting a separate from the difTusion error.it \s possible to get a 
fairly good value for the coefficient of diffusion D at these pres- 
sures. Thus it is evident that the coefficient of diffiision, which \s 
given by the equation 

when there is no recombination, is a constant at any pressure and 
should not depend upon the distance between the plates. If, using 
the experimental values for Q and N, D apparently increases with 
the distances between the plates, it means that, due to recombina- 
tion, the experimental N is smaller than it would be for diffiision 
loss only. The relative loss due to recombination should increase 
with the distances between the plates. Fig. 5, plotted from the 
values in the tables VII. and VIII. shows the increase of this ap- 
parent D with the distances between the plates. 

Table VII. 

Pressure^ 7Xi mm. 



DiatAnce Between Plates. 

8 cm. 
6 
3 
2 



^. 



N. 



6.4 
4.7 
3.0 
2.3 



iK.. = ,.. 



4.75 


7.1 


3.14 


4.4 


1.14 


1.9 


.52 


L4 



Table VIII. 

Pressure^ 10 mm. 



Distance Between Plates. 



8 cm. 
6 
3 
2 



3.4 
2.38 
1.6 
1.21 



N. 


j-a. = z.. 


2.7 


6.8 


1.4 


5.0 


.38 


3.2 


.143 


2.8 



As in the curves for a, where the D' becomes constant with the 
distance between the plates is taken as the coefficient of absorption 
at that pressure. In this manner D was found to have the value 
1 1, at 20 mm. pressure and 2.6 at lO mm. 
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Reducing these values back to atmospheric pressure on the as- 
sumption that D varies inversely with the pressure, we get the 
values .030 and .034. Townsend found {loc, cit,) that D varied in- 
versely with the pressure down to 200 mm. pressure and his value 
at atmospheric pressure was .035. The two values given above 
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Fig. 5. 

thus indicate that D continues to vary inversely with the pressure 
at least down to 10 mm. 

As, by theory, D varies directly with the specific velocities of 
the ions this would indicate that the velocities too are a linear func- 
tion of the pressure down to 10 mm. J. Stark ^ gives some results 
showing this, but Langevin^ has found that the velocities increase 
with decrease of pressure faster than a linear law would allow. 

Variation of a with the Pressure. 

The complete results for the variation of a with the pressure are 
given in Table IX. and plotted in the form of a curve in Fig. 6. 
The values of a here given are the mean of several determinations. 
The values of N given in the table are not in every case the ones 
from which the corresponding a was obtained, as some of the de- 
terminations were made before the radium had reached a steady 
state. 

1 J. Stark, Die Electricitat in Gasen, p. 261. 
'M. Langevin, Th^se, p. 140. 
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Table IX. 

r= 3,435 r.r. 



Pressure. 


Q- 


A^. 




760 mm. 


106 


10.5 


3,300 


450 


94 


11 


2,650 


250 


67 


10.6 


2,070 


150 


42.2 


9.1 


1,750 


100 


28 


7.9 


1,550 


50 . 


14.2 


6.1 


1,310 


35 


10 


5.2 


1,250 


20 


5.6 


4.1 


1,150 


10 


3.0 


3.2 


1,000 



At atmospheric pressure the value of a has been previously well 
fixed. Townsend obtained 3,400, McClung 3,384 and Langevln 
3,200 as the absolute value of a. The value 3,300 given here is 
seen to agree very closely with these results. 

As to the variation of a with the pressure the curve in Fig. 6 



•^ 






































































































































































-^ 
























^ 




^-^ 


























^ 






























^ 


^ 




























^ 


y^ 






























y^ 


























_ 






y 
































/ 







































































































































I in Hrn* 

Fig. 6. 
Coefficient of Recombination a. 

shows that a decreases to a value 1,000 at 10 mm. pressure, the 
rate of decrease constantly increasing as the pressure falls. 

The curve falls below that of McClung*s who found a indepen- 
dent of the pressure down to about 100 mm. It goes above that 
of Langevin who found a somewhat more rapid decrease. Lan- 
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gevin does not give the absolute value of a obtained at pressures 
below atmospheric, but does give the data for 375 and 152 mm. 
for which the values 1,500 and 600 have been calculated. These 
values are indicated in Fig. 6 by two x marks. 

It is difficult to compare the present results as to accuracy with 
those of Langevin as his experimental work was based on a rather 
complicated theory. In a general way Langevin's results are con- 
firmed as there is a decrease of a with the pressure. 

With McClung's results however a comparison can be made as 
both methods were direct ones. Langevin makes the following 
legitimate criticisms of the experimental conditions under which 
McClung worked. 

The intensity of the Rontgen rays vary considerably in very short 
intervals of time, thus making it necessary to take the average of 
very many widely divergent readings. Also the ionization is very 
small even at high pressures, rendering accurate determinations of 
the charges difficult. 

An error is introduced by not knowing the exact distribution of 
the ionization. Also the effect produced by the secondary radia- 
tions emitted by the metal plates under the action of the Rontgen 
rays is considerable and continues after the Crookes tube has been 
stopped. 

Loss of ions by diffusion to the electrodes also brings in a 
probable error. 

This last source of error might explain to some extent McClung's 
large values of a for low pressures, as he had a very large surface 
exposed and the electrodes were close together. This diffusion 
effect has been shown to come in very rapidly as the distance 
between the plates and the pressure decrease. 

Practically all of these objections except that due to uneven dis- 
tribution have been met in the present work. The intensity of the 
radium radiations was very constant and the ionization large and 
thus the readings could be repeated within a few per cent. The 
secondary radiations could introduce no error on account of the 
method of determining N. The diffusion effect was corrected for 
in those cases where it was appreciable. As for the distribution 
error, it has been shown that with a somewhat large divergence 
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from a uniform distribution the correction for a is very small, there- 
fore any error in the determination of the distribution could not 
effect the value of a very much. 

In conclusion I wish to acknowledge my indebtedness to Dr. 
Bergen Davis at whose suggestion this investigation was taken up 
and with whose advise it was carried on. 

Phcenix Physical Laboratory, 

Columbia University, May, 1905. 
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NOTE ON THE IRREVERSIBILITY OF THE HEUSLER 

ALLOYS. 

By Bruce V. Hill. 

BEING attracted by the accounts of Heusler's magnetic alloys 
of copper, manganese and aluminium, the author cast several 
of these alloys which showed some properties so interesting that it 
seemed worth while to give a brief preliminary description of them. 
It may not be out of place to say something of the history of the 
discovery of these alloys and of the theory which applies to such 
cases. It is common to think of iron, cobalt, nickel and bismuth as 
the only substances having a measurable magnetic susceptibility. As 
a matter of fact, however, a large number of the^ elements show 
either para- or dia-magnetic properties. Stephen Meyer ^ found 
that some of the rare metals are strongly para-magnetic. The 
metals themselves were very difficult to obtain in a pure state and 
in quantities sufficient for the purposes of testing. When the salts 
of some of them were examined they exhibited even a greater sus- 
ceptibility than those of iron. Defining the atomic susceptibility as 
the mean susceptibility of a space containing one gram atom of the 
substance in 1,000 cubic centimeters, Meyer gives the atomic sus- 
ceptibilities of a number of the elements in the following order : 
Ho, Er, Gd, Mn, Fe, Sa, Co, Yt, Nd, Ni, Pr.* He says that if 
then, the susceptibility of metallic erbium were as much greater than 
that of iron as the susceptibility of the oxide is greater than that 
of the oxide pf iron, dynamo-machinery and other apparatus could 
be built having only one sixth the weight of those of iron for 
the same output, since the density of erbium is only two thirds 
that of iron. This premise is not necessarily true, however, for 
manganese also stands before iron in the above list and it is not 
magnetic in the ordinary metallic form, though electrolytic manga- 

» Stephen Meyer, Ann. d. Phys , 68, p. 325, 1899. 
* Stephen Meyer, Ann. d. Phys., 69, p. 236, 1899. 
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nese was found to be slightly magnetic. It may be possible to 
account for the different magnetic properties of these metals in their 
salts and in the metallic condition in a simple manner however. 

So far as iron and nickel, at least, are concerned there seems to 
be abundant reason to believe that they can exist in several allo- 
tropic forms. This is the ** allotropic theory *' of Osmond. The 
facts supporting it can not be enumerated here ; a number are given 
with references in my paper mentioned under 8. In iron there are 
supposed to be three such modifications : the alpha form, soft, 
magnetic and stable below 7CX)° to 750° C; the beta form, hard, 
unmagnetic and stable between 750° and 860° C; and the gamma 
form, soft, unmagnetic and stable above 860° C. In passing one 
of these transformation points heat is evolved as is seen in the 
recalescence of steel. In nickel there have been found but two 
allotropic forms : the alpha form, magnetic and stable below 340° 
to 360° C, and the beta form, unmagnetic and stable above that 
temperature. 

This temperature of transformation may be depressed by alloy- 
ing a second metal with the iron or nickel. This depression is 
proportional to the amount of the alloy as is seen in the case of the 
alloys of aluminium and iron ^ or of copper and nickel.' In this the 
alloys behave as other solid solutions.^ This depression of the 
transformation point is analogous to the depression of the freezing 
point of a solvent by the dissolved substance. 

The allotropic theory explains the phenomena of the tempering 
of steel as the older theory that the hardening was due to strains 
set up in the metal by the sudden cooling never did. The com- 
pound steels furnish much of interest in this connection, especially 
the self-hardening and irreversible nickel-steels.* The irreversible 
steels ^ (so-called from the fact that if, starting in the magnetic con- 
dition, they be heated to dull redness they become unmagnetic, but 
on cooling do not regain their magnetic properties until a tempera- 

» Lownds and Richardson, Phil. Mag. (6), I, p. 6oi, 1901. 
2B. v. Hill, Verh. d. Deut. Phys. Gesell. Jahrgang, IV., Nr. 9, 1902. 
'Bruni, Feste Lxjesungen, German edition, Stuttgart, 1901. 

* For a full account of these steels see L. Dumas, Recherches sur les aciers au nickel 
a haute teneures, Paris, 1902. 

^Ewing, Magnetization in Iron and Other Metals, p. 185, 1900. 
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ture is reached much lower than that at which they originally be- 
came unmagnetic ; if the temperature be again raised the material 
remains magnetic till the original point of transformation is attained) 
make it possible to compare the properties of these alloys in the 
magnetic and the unmagnetic conditions at the same temperature. 
This has been done by a number of experimenters.^ It appears 
also that while one allotropic form, the magnetic, is that ordinarily 
existing at room temperature, it is possible to render the other, the 
unmagnetic, stable at that temperature. 

It has been seen that the salts of manganese and chromium are 
in the same class, so far as the magnetic properties are concerned, 
with those of iron, cobalt and nickel. Might it not then be con- 
jectured that manganese and chromium also have several allotropic 
forms or phases, of which it is the unmagnetic with which we are 
acquainted, but that, if the right alloy could be found, the magnetic 
form might be had. 

Heusler's^ discovery of such an alloy in the case of manganese 
seems to have been accidental, however. When working with an 
alloy prepared for another purpose and with a tool of whose mag- 
netization he was not aware, he found that the alloy was attracted 
by the tool. He then sought in a systematic way to produce mag- 
netic alloys of manganese. He found that certain of the trivalent 
elements have a particularly strong effect upon manganese even at 
comparatively low temperatures. If one part of powdered antimony 
and four parts of powdered manganese be heated together to 500® 
or 600® C, which is still far below the melting point of manganese, 
the mixture becomes noticeably magnetic. I tried a similar exper- 
iment with chromium, but without success. 

Starting with the commercial alloy of 70 per cent, copper and 
30 per cent, manganese, Heusler made several series of alloys using 
as a third metal tin, antimony, arsenic, aluminium, etc., of all of 

iCh. Ed. Guillaume, Comt. Rend., 124, p. 176; 1515, 1897; 125, p. 235, 1897. E. 
Dumont, C. R., 126, p. 741, 1898 L. Dumas, C. R., 130, p. 131 1, 1900. F. Os- 
mond, C. R., 118, p. 532, 1894; 128, p. 304, 1899. H. Tomlinson, Proc. Roy. Soc., 
56, p. 103, 1894. J. Hopkinson, Proc. Roy. Soc, 47, p. 23 ; 138, 189 ; 48, p. I ; 
442, 1890, 50, p. 121, 1891. B. V. Hill, Verb. d. Deut Phys. Gesell., III., Nr. 10, 
1901. 

< Schriften d. Gesell. z. Befoerdening d. gessammt. Naturwiss. zu Marburg, Bd. 13. 
5te. Abtbeilung, Marburg, 1904. (Verb. d. Deut Pbys. Gesell., 5, 12, p. 220, 1903.) 
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these the last gave the best results. In the alloys of copper, man- 
ganese and aluminium the susceptibility increased until the masses 
of the manganese and aluminium were in the ratios of their atomic 
weights, and then grew less again as the amount of aluminium was 
increased. The magnetic properties of these alloys were investigated 
by W. Starck and E. Haupt,* the magnetic expansion by L. Austin * 
and the effects of prolonged heating and cooling by E. Gumlich.* 
Continued heating at a temperature of i io° C. increased the 
susceptibility, while annealing at 500° C. left the material practically 
unmagnetic. Cooling in liquid air had no effect. None of these 
authors mention a temperature over 580° C. 

Of the alloys made by the author one contained about 60 per 
cent, copper, 25 per cent, manganese and 15 per cent aluminium, 
the other a higher per cent, of aluminium. They were made by 
melting the aluminium with the 30 per cent, manganese-copper 
alloy, and were cast in the form of rods 0.45 cm. in diameter and 
12 cm. long. The metal was very hard and brittle. The magnetic 
testing was done by the ballistic method. About a porcelain tube 
70 cm. long and 2.5 cm. in diameter was wound a nickel heating 
coil. This was put into a glass tube 5 cm. in diameter and packed 
about with kaolin. The glass tube fitted closely into a brass water 
jacket having a space 0.5 cm. between the walls. The magnetizing 
coil was wound upon this jacket and could thus be kept at a con- 
stant temperature even when the interior of the apparatus was very 
hot. The secondary coil was would upon a smaller porcelain tube 
which was placed within the heating tube. The specimen, together 
with one junction of a thermo-element, was within this second 
porcelain tube and packed with asbestos to prevent heat losses. 
Corrections were of course made for the demagnetizing effect of the 
ends of the rod and for the area between the rod and the secondary 
coil. It may be remarked here that an apparatus of this kind is 
intended to measure changes of induction with temperature and does 
not profess to give absolutely accurate values of the induction itself 
though the error in this respect is not large. M. L. Dumas ^ deter- 

*Verh. d. Deut. Phys. Gesell., 5, 12, p. 224, 1903. 
«Verh. d. Deut. Phys. Gesell., 6, 14, p. 211, 1904. 
'Ann. d. Phys., 16, p. 535, 1905. 
* See 6. 
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mined the transformation points of his nickel-iron alloys by merely 
observing the temperature at which a compass needle near the 
specimen ceased to be affected by it. 

The first rod tested was that of higher percentage of aluminium. 
It showed an induction of -5= S750 c.g.s. in a field on H^^ij 
cg.s. with a comparatively large area of the hysteresis curve. On 
being heated it behaved as those of the other observers had done 
(up to 5CX)° C), yet it may be of interest to give the curves show- 
ing the relation of the intensity of magnetization, /, to the tempera- 
ture as the metal is heated and cooled, since no such have been 
published. The field was kept constant and equal to 85 c.g.s. A 
relatively strong field was used to avoid the occurrence of maxiam 




200^ 300- 

TEMPEBATU«£ 



C 400' 



500 



as in the curves for iron and nickel in weak fields.^ The general 
form of the curves here is similar to that for the other magnetic 
metals* and their alloys. Beginning at A with an intensity of 
7=311 c.g.s. the curve falls till it reaches the axis at B, The 
temperature was carried 33° higher bringing the curve to C, On 
cooling the line leaves the axis again at B but does not return to 
A but to a lower value at D, 7= 267. With the second heating 
the curve lies above that for the first cooling and does not come to 
the axis at B but crosses the former heating curve at E and when 

» Ewing, Mag. in Iron, Figs. 79, 85, 8 , 1900. 
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heated to 500® C. retains a slight susceptibih'ty, / being equal to 
7. After falling the second time to 17° C. the intensity was only 
27, that is the susceptibility was only 0.32. A reading was taken 
with the specimen in liquid air, giving /= 36. This remained un- 
changed when room temperature was again reached. 

It now occurred to me that, from the general behavior of the 
alloy, it might be expected that the magnetic qualities of the metal 
would be restored if it were taken to a temperature considerably 
higher than those previously attained. The specimen was, there- 
fore, heated, in the flame, to dull redness (650° to 7CX)° C.) and 
allowed to cool slowly. When tested in the same way as before 
the intensity was /= 90 in the field of H ^ 85. Reheating to the 
same temperature and cooling rapidly did not alter this value of /. 
The rod was then heated to a bright red (850*^ C.?)and when tested 
at room temperature the intensity was /= 155. After cooling in 
liquid air /= 162. 

We have here then a new type of irreversible alloy, but in a 
sense opposite to the irreversible nickel-steels. Compare this with 
one of the specimens used in the study of the specific heats of some 
of these nickel-steels.^ The alloy contained twenty-four per cent, 
of nickel. Let B^ represent the induction B for the field //'at the 
temperature of the room. The temperatures given are those to which 
the metal was cooled, or heated, immediately before the induction 
was determined. For the sake of the comparison B ^^ H + 4^/ is 
used instead of the values of / given in the preceding paragraphs. 
Tabulating the results for the two alloys : 



Nickel -steel, 

When received, 
Unmagnetic, 

Heusler alloy, 
When cast, 
4,020^5 



0» 
l,200i„ 

368» 



I 3,440gj 



3,700is5 
427«, 



-790 
9,200,35 

650''? 
1,220k 



-190'' 
10,200,„ 

SSO'*? 
2,030« 



In the first case the alloy, after cooling from the temperature of 
forging, was unmagnetic, but its permeability was found to be 



> Verh. d. Deut. Phys. Gesell., III., Nr. 10, 1901. 



No. 5.] IRREVERSIBILITY OF HEUSLER ALLOYS. 34 1 

greater the lower the temperature to which it had been cooled. 
Heating to dull redness left it again unmagnetic. In the other 
alloy the metal was magnetic when first cast. Cooling to very low 
temperatures had only a very inconsiderable effect. If heated and 
allowed to cool to room temperature, the permeability varied with 
the temperature to which it had been carried, showing a minimum 
in the neighborhood of 500° C. One might venture a further com- 
parison, as the merest conjecture. In the nickel-steel here spoken 
of, the magnetic state, when cooled from the temperature of the 
furnace, is that of iron at high temperatures. Dr. D. K. Morris ^ 
found also that iron regains its susceptibility to a slight degree 
between 800° and 1000° C. It is then possible that manganese 
would be found to be magnetic at a sufficiently high temperature. 

Returning to the description of. the alloys in hand, the second 
rod tested was that of lower per cent, of aluminium. It had an 
induction of -ff = 11,800 in a field of //'= 75, with very little 
hysteresis. Its behavior was in general like that of the first one, 
but, when heated to 950° C. and cooled to room temperature, it 
remained unmagnetic. There was a great difference in the density 
of this alloy in the magnetic and in the unmagnetic conditions. 
When first cast the density was 6.61. After annealing at 950° C. 
it was but 5.80. Here again the nickel -steels show an opposite 
change. One of the alloys of nickel and iron referred to above 
had a density of 7.91 in the magnetic state, 8.09 in the unmagnetic, 
a change of about 2 per cent. This agrees with the results of H. 
Tomlinson ' and J. Hopkinson.^ 

Stephan Meyer found that, when a diminution of volume occurs 
in a compound, the para-magnetic character of the substance is 
increased and vice versa. In the case of alloys we are, in general, 
dealing with solid solutions and not with compounds of the con- 
stituents, so that the applicability of this statement to alloys would 
have to be tested by experiment. There is possibly more reason 
to suspect chemical combination between the manganese and the 
aluminium in the Heusler alloy than between the iron and the 

» Phil. Mag., 44, p. 213, 1897. 
2 See footnote No. 8. 
* See footnote No. 8. 
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nickel in the nickel-steel, since the permeability of the former is 
greatest when the percentages of the two metals are proportional to 
their atomic weights. These alloys are also those which are most 
dense in the magnetic condition. 



Digitized by 



Google 



No. 5.] WAVE-LENGTH OF RADIATION, 343 



ON THE WAVE-LENGTH OF THE RADIATION GIVEN 
OFF IN AN ALTERNATING CONDENSER FIELD. 

By Fernando Sanford. 

IN a previous paper by the present writer* some measurements 
were given of the wave-length of the radiation from aluminum, 
silver, copper and zinc when these metals are joined to the cathode 
of the secondary of an induction coil or are placed in the field of 
an air condenser the plates of which are joined to the terminals of 
an induction coil. Since that time, similar measurements have been 
made for other metals and for some non-metallic substances. These 
measurements have been made by means of the grating used in the 
former experiments, viz., a celluloid replica of a Rowland plane 
grating having 14,438 lines to the inch. 

In all cases here mentioned the radiating substance, the grating 
and the photographic plate were enclosed in a dark box which was 
placed between the glass plates upon which the tinfoil condenser 
sheets were pasted. The radiation was allowed to pass through a 
slit in a vulcanite screen and through the grating and fall upon the 
photographic plate. On account of the feeble intensity of the 
radiation, the slit and grating were placed only from four to five 
centimeters from the plate, and the distance of the first spectrum 
from the central image of the slit was only from eight to ten milli- 
meters. Naturally this distance could not be measured with a high 
percentage of accuracy, but the plates were all re-measured by Miss 
Shirley Hyatt, a student in the laboratory, and the two measure- 
ments seldom differed by more than two or three per cent. 

In general, the radiation from each metal seemed very homo- 
geneous. Only in the case of platinum was the spectrum appreci- 
ably wider than the central image of the slit. The metals tested 
and the wave-lengths determined for their radiations are given 
below. 

> Physical Review, XVIII., 366, May, 1904. 
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Metal. 


Amm. 


Metal. 


Amm 




Cadmium, 


335 


Nickel. 


360 (?) 




Tin, 


340 


Iron, 


369 




Bismuth, 


346 


Copper, 


372 




Antimony, 


351 


Zinc, 


380 




Magnesium, 


348 (?) 1 


Manganese, 


380 




Aluminum, 


350 


Lead. 


380 




Silver, 


350 


Platinum, 


380-400 




Gold, 


350 1 


Tinfoil, 


329 




— 


_ — — 


. _ 





— 



The measurements made on magnesium and nickel were less 
satisfactory than the others, the photographs of the spectra being 
less clear. In platinum the width of the diffracted image indicated 
that the radiation was less homogeneous than in the case of the 
other metals. Apparently some of this radiation extended to the 
extreme violet of the visible spectrum. Carbon disulphide was, 
however, apparently quite opaque to the platinum radiation, indi- 
cating that the greater part of the radiation was of wave-length not 
much greater than 380. 

A number of crystals of various salts were tried as radiators by 
sticking a crystal with glue on a piece of cardboard which was 
placed upright in the dark box in front of the slit. It was found 
that in this position the cardboard gave off no appreciable radiation. 
Of the crystals tried, all gave off the radiation except sodium chlo- 
ride and nickel sulphate. These gave no appreciable radiation after 
exposures of from 17 to 25 minutes while from 5 to 10 minutes 
was generally long enough to give a plain image of the slit It is 
interesting to notice in this connection that sodium chloride is one 
of the salts found by Schmidt ^ not to be actinoelectric. Nickel 
sulphate is not given in his list. 

The following substances gave off radiation of wave-length ap- 
proximately as given below : 



Substance. 

Silver nitrate, 
Ferrous sulphate. 
Copper sulphate. 
Lead nitrate, 



Am^. 



Substance. 



Amm. 



334 

weak (?) 

363 

348 



Potassic bromide, 
Potassic ferrocyanide, 
Cinnabar, 
Sulphur, 



370 
334 
359 

(?) 



iG. C. Schmidt, Wied. Ann., 64, 708-724. 
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In the case of radiation from crystals even more than from metals 
it was found that sharp points or edges were the principal sources 
of the radiation. Photographs of crystals made by means of their 
own radiations and by the use of a quartz lens showed only a num- 
ber of point or line sources of the radiation. 

Stanford University, 
June, 1905. 
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TOTAL REFLECTION. 
By Elmer £. Hall. 

T N a former article' the writer has discussed the theory of pene- 
^ tration during total reflection, when reflection takes place from 
a thin film contained between two denser media. The discussion 
was based upon the electromagnetic theory of light and particular 
application was made to the case of a film between the hypotenuse 
surfaces of two right-angled glass prisms placed almost in contact 
If the electric forces be regarded as the light vectors, the ratio of 
the intensities in the two glass prisms can be obtained from the ratio 
of the electric forces within the prisms. Neglecting losses due to 
absorption, and representing the component of the electric force per- 
pendicular to the plane of incidence in the first and second prisms 
by E^ and D^ respectively, it has been shown that* 



, 4Cos> 



(^:-^--) 



DL , ^.i:, ,_ „> 

E^ /sin^c \ ^ ' 
[i^n^){n^^i)s\nh^u+ (cos (p+n^n^cosOy ( ^ — i J 

Here (p is the angle of incidence, within the first prism, on the 
boundary of the film ; is the angle of refraction within the second 
prism ; «j, «2 are the indices of refraction from the first prism into 
the film and from the film into the second prism respectively ; 

27:d 



d being the thickness of the film and X the wave-length of light 
within the film. The above equation expressing the ratio of the 
squares of the electric forces gives also the ratio of the squares of 
the amplitudes of the incident and emergent light. This will be 
the ratio of the intensities only when the two prisms have the same 

» Physical Review, Vol. XV., p. 91. 
2 Loc. cit., p. 97. 
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index of refraction. If «, is not numerically equal to i/z/j the rela- 
tive intensities will not be measured by the squares of the amplitudes 
merely, but the rates at which the energy is propagated by the cor- 
responding waves in the two media must be taken into account. In 
this case, if the two media enclosing the film be different, the ratio 
of the intensities will be 

-^ tan (p cot 



, fs\v?ip \ - 

4 cos' (p I { I j tan (p cot 



(2) 



(sin* ip \ 
— 2^— ^ ) ■ 



If now the beam of light be reversed, ip and will interchange and 
I jn^ replace n^ and vice versa. Inserting these changes in (2) the 
ratio of the intensities within the two prisms becomes 

— ^ 2 tan cot <p 

An ^n^ cos Q {n^ sin* g — i) tan g cot y ^^^ 

"" ( I — n^){n^2 "~ ^ ) s'"'^^ ^' + (^1^2 ^^s ^ + ^^s 9)\^2 ^^^^ 0— i)' 

Since 

sin*^ 
« * sm* d = ~- 

' «i 

the second members of (2) and (3) may be reduced to an identity. 
It therefore follows that the penetration for any such system is the 
same whether the light passes from the denser to the rarer of the two 
media enclosing the film or in the reverse, direction. Similar treat- 
ment yields the same conclusion for light polarized perpendicular to 
the plane of incidence. In the former discussion of the theory the 
factor tan ^ cot was omitted and hence erroneous conclusions 
drawn. ^ 

To test the conclusion under better experimental conditions than 
in the former measurements, a flint-glass prism, whose index of re- 
traction for sodium light was 1.7597, was used with a crown-glass 

> I am indebted to Professor Voigt for calling my attention to the error, by letter and 
also in Nach. d. K. Gesellschaft d Wissenchaften zu G6tt. 1903 Heft 3 S. I where a 
different treatment yields the same conclusion. 
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prism of refractive index 1.5 164. The hypotenuse surface of the 
crown-glass prism 'was slightly convex. The prism angle for the 
flint-glass prism, 27° 54', was such that when the two prisms were 
used in combination no deviation was obtained with sodium light 
The source was a narrow yellow band from the spectrum of a 
Nernst lamp filament, the current being maintained practically con- 
stant by means of an electrodynamometer and an adjustable resist- 
ance. The following table gives the average of a number of closely 
agreeing readings. The light was polarized perpendicular to the 
plane of incidence ; d is the depth of penetration in microns ; \ and 
iy for the same line, are so related that ^3 is the angle of emergence 
from the flint-glass when i^ is the angle of incidence on the crown- 
glass prism. 



Crown-glass, Air, Flint-glass. Flint-glass, Air, Crown-glass. 



\ d ^ d\k ^ /, I % \d\dk 

I 1.85 ; 3.15 
I 1.28 2-18 
' 0.99 1.69 



400 42/ 2(K/ 


1.98 


3.36 


12» 30^ 00'^ 


34« 58^ 45^ 


43 1 30 


1.32 i 


2.24 


' 14 22 30 


36 45 


45 1 


1.06 


1.80 


17 8 00 


40 2 20 



The differences in the values for the two cases are greater than 
the experimental errors. Repeated sets of measurements, taken 
with different intensities, all gave the same order of differences for 
the two cases. I-ight polarized parallel to the plane of incidence 
also gave the same result, the penetration is apparently greater when 
the light is incident on the crown-glass. The intensity observed, 
however, is not the intensity in the second prism but the intensity 
in air after the light has left the second prism, and futhermore it is 
the intensity in air before incidence on the first prism and not the 
intensity of the light incident on the film that is constant The 
Fresnel coefficients for transmission from air to the first prism and 
from the second prism to air must be taken into account The in- 
tensity of the light transmitted by the system for any given angle 
of incidence is not the same when the light is made to travel the 
same path, but in the reverse direction, unless the amount of light 
getting through the film varies directly as the intensity of the light 
incident on the film. This, however, is not the case, the penetration 
is a complicated function of the intensity.* For the condition under 
» Physical Review, Vol. XV, p. 100. 



Digitized by 



Google 



No. 5.] TOTAL REFLECTION, 349 

which the measurements were taken the results for the two direc- 
tions therefore will not be identical. The penetration will be the 
greater for that direction in which the light incident on the film has 
the greater intensity. Using Fresnel's coefficient for light polarized 
perpendicular to the plane of incidence, the intensity of the light 
incident on the film when crown-glass is the first medium, for 
/j = 5°, is to the intensity of the light incident on the film when the 
flint-glass is the first medium, for the corresponding angle of in- 
cidence £3= 12° 30', in the ratio of 959 to 929. Absorption has 
not been taken into account. Since the flint-glass has a distinct 
yellow tinge the losses due to absorption would increase rather than 
diminish the ratio of intensities as given. The greater value for the 
penetration obtained in the above table, when light was incident on 
the crown-glass, is thus accounted for, and it may be concluded 
that the penetration is independent of the order in which the light 
passes through the prisms. 

University of California, 
Berkeley, July 5, 1905. 
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NEW BOOKS. 

Maxwell's Theory and Wireless Telegraphy, Part I. by H. 
PoiNCARfe. Part II. by Frederick K. Vreeland. 8vo, pp. xi 
+ 255. New York, McGraw Publishing Co., 1904. 

The first part of this book is a translation, by Mr. Vreeland, of Poin- 
car^'s "la Theorie de Maxwell et les Oscillations Hertziennes" which 
appeared in 1903 as one of the excellent " Scientia " series published by 
Naud. Beginning with an explanation of the essential features of the 
Maxwell theory, this portion of the book contains an account of elec- 
trical oscillations and electric waves considered from the scientific stand- 
point solely. The whole is written in the clear and pleasing style which 
characterizes all of Poincar6's writings. 

The reader who knows Poincar6 as a mathematician and mathematical 
physicist will perhaps be surprised at the complete absence of mathe- 
matical methods in the discussion. It is surprising also that so difficult 
a subject as Maxwell's theory can be so successfully presented without 
mathematical aid. M. Poincar^ has given us another illustration of the 
significant fact that the greatest theoretical physicists have always been 
able to write clearly in ordinary language and in concrete terms. Every 
theoretical physicist must make frequent use of analytical methods : in 
the solution of problems as labor saving machinery, and in the statement 
of results as a convenient and useful shorthand. But the body is more 
than the raiment : a physical theory is more than, the analytical expres- 
sion with which we clothe it ; and it is only the scientist of lesser caliber 
who is unable to separate the two. 

M. Poincar^ has made extensive use of mechanical analogies in helping 
to clear up difficult points. The translation here has a distinct advan- 
tage over the original in the fact that numerous illustrative diagrams have 
been inserted. The illustrations in the original were quite inadequate. 

Wide differences of opinion exist regarding the benefit to be obtained 
from mechanical models in the study of electrical subjects. When the 
models are of such a character that the student thinks of them as actually 
representing the underlying mechanism of electrical phenomena, and 
proceeds to fill up space with an ether made up of cog wheels and spiral 
springs, I am inclined to agree with those who think that more harm 
than good is done by their employment. But M. Poincar^'s models, 
and those introduced later by Mr. Vreeland, are not of that kind. Take 
for example the hydraulic analogy and the pendulum analogy, which are 
so effectively used in explaining the fundamental laws of electrical oscil- 
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lations ; or the mechanical models used by Vreeland later on in explain- 
ing the different methods of coupling the antenna to the primary vibrat- 
ing system. There is not one reader in a thousand whose understanding 
of the subject will not be made clearer by the consideration of such me- 
chanical parallels. Yet in all cases the model is so different from the 
reality that there is no danger of thinking of it as giving a picture of the 
actual processes. Such analogies as this are the parables of science ; 
they convey as much in a sentence or a diagram as could be explained in 
several pages of exact statement. 

After M. Poincar6*s clear and adequate treatment of the scientific 
aspects of electric waves, we have in the second part of the book, by Mr. 
Vreeland, an almost equally satisfactory presentation of the principles of 
wireless telegraphy. The plan and scope of this part of the book are ex- 
plained by a few sentences from the preface : "In Part II. it has been my 
purpose to take up the thread where M. Poincar^ dropped it, carrying 
the line of thought into the practical field of wireless telegraphy, and ap- 
plying the principles laid down in Part I. to the various problems in- 
volved ; to describe certain typical systems, to show why some have 
failed while others succeeded, and to explain their mode of operation 
in the light of Maxwell's ideas. This is not intended as a treatise on 
wireless telegraphy — no attempt is made to describe the myriad forms 
of apparatus nor to settle questions of priority and history. ♦ * ♦ The 
object is rather to deal with principles and to trace the development of 
the art in its essential features." 

Accounts of practical wireless telegraphy have been so often either 
highly technical or absurdly superficial that a treatment of the subject 
according to the plan outlined above is very welcome. The book con- 
tains no elaborate photographs of apparatus such as are often presented 
in our technical press as adequate illustrations of new systems : usually a 
confused jungle, in which induction coils and high tension transformers 
rise at intervals from an undergrowth of choke coils, relays, and sounders; 
the connections left to the imagination, and all really essential features 
concealed in camera-proof boxes. On the contrary the more important 
methods and systems are explained by the aid of simple diagrams of con- 
nections, and by reference to well chosen mechanical analogies. The 
essentials are there, and are explained in a sound and concrete way. 
Unessential details, which would only confuse the reader by their added 
complexity, are either left out of consideration altogether or are referred 
to only briefly. The author does not forget that he has set out to explain 
the principles of wireless telegraphy. In an art so new as this the forms 
of apparatus may change before a book describing them is off the press ; 
but the underlying principles of telegraphy by electric waves will remain 
unchanged. 
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Mr. Vreeland's practical experience in wireless telegraph work gives 
him an advantage in preparing such a book that is often in evidence. 
What impresses me perhaps most as one of the results of practical experi- 
ence is the manner in which the many difficulties which a careful reader 
would encounter are met and explained almost before they arise. It 
is evident in many cases that the author has met these difficulties him- 
self in concrete form. Mr. Vreeland has wisely avoided discussion of 
the cases of disputed priority which are unfortunately so numerous. His 
references to the work of different inventors are fair and remarkably free 
from the bias that would be natural in one who has been intimately con- 
nected with one particular system out of the several competing ones. 

The plan followed in Part II. is indicated by the following titles o^ 
chapters : General Principles ; Telegraphy by Hertzian Waves ; the 
Grounded Oscillator; Propagation of Grounded Waves; Receiving 
Apparatus; Selective Signaling. In the opinion of the reviewer the 
book is the. most satisfactory that has yet appeared upon the subject of 
wireless telegraphy. 

Ernest Merritt. 
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PHYSICAL REVIEW 



IONIZATION IN GASES FROM COLORED FLAMES. \^ 
By PERavAL Lewis. 

Specific Velocity of Ions. 

THE velocity of the ions in gases from the colorless bunsen 
flame was measured by McClelland.^ His results (corrected 
for an obvious error in transforming from natural to ordinary loga- 
rithms) show specific ionic velocities of about 0.53, 0.48 and 0.09 
cm./sec. volt/cm. in regions having temperatures of about 230°, 
160° and 105° C, respectively. No one seems to have determined 
the velocity of the ions from flames colored with metallic salts. 

It was found by the writer that the rate of discharge of an elec- 
troscope brought near a bunsen flame is reduced when a salt of any 
alkali metal is introduced into the flame. As the conductivity of 
the flame itself is greatly increased under such conditions, it seemed 
probable that the reduced conductivity of the hot gases could not 
be due to diminished ionization, but either to a much greater rate of 
recombination or to greatly reduced velocity of the ions. Some 
preliminary experiments showed the rate of recombination of the 
ions from the colored flame is not greater than that of the ions from 
the colorless flame, but that their velocity is very much less. 

The velocity of the ions was measured by the method described 
by McClelland.* Above the flame was placed a long cylindrical 
brass chimney, 1.6 cm. in diameter (see Fig. i), with a funnel-shaped 

1 McQelland, Phil. Mag., 46, p. 29, 1898. 
353 
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opening at the bottom, to collect the hot gases. In the axis of the 
tube, at distances of 1 5 cm. from center to center, were suspended 
three cylindrical aluminum electrodes, A, ^ and C, each 12 cm. 
long and 6 mm. in diameter. These were insulated from the con- 
centric brass chimney by small glass tubes passing 
r horizontally through hard rubber plugs in the walls 
of the tube and containing the connecting wires. 
The outer cylinder and the flame were kept con- 
1^^^^^^ nected with the earth ; any one of the electrodes 
could be connected with one pair of quadrants of 
a Dolezalek electrometer and charged by a battery 
of small storage cells giving a maximum potential 
of about 300 volts. The other quadrants were 
connected to earth. The lower electrode A was 
about 15 cm. above the flame. By means of a 
^ ^ Gouy injector salt solutions were sprayed into a 

chamber through which the gas passed mto the 
burner, carrying the spray with it. 

In making velocity determinations, the upper electrode C was 
first charged to such a high potential as to give a saturation current 
/^ through the ionized gas between the electrode and the surround- 
ing tube.* If the tube is at zero potential, the current will be carried 
solely by ions of sign opposite to that of the charge on the electrode. 
\i N^ be the total number of ions reaching the electrode per second 
and e the ionic charge, the current is 

If, now, B is likewise charged with electricity of the same sign, 
the number of ions reaching C will be diminished by the number 
attracted to B, and the discharge current from C will be 

If the difference of potential between the electrodes is Fand the 
radii of the rod and the tube are r^ and R respectively, the electric 
force at a distance r from the electrode is 

1 See Rutherford, Radioactivity, p. 40. 
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V 



x= 



r log. - 



If the specific ionic velocity is v, the radial velocity v^ at a dis- 
tance r from the axis of the electrode is 

^ log. - 

The time required for the ions to reach the electrode is 
. R . R 

If / is the length of the electrode, only those ions will reach it 
which are not carried above it by the rising current in the time ty 
or which pass within the radius r. If » be the upward gas velocity, 
this time / is also 

/ 



From which 



t 
u 



1 ^ 
u log, - 



If the ions are uniformly distributed through the cross-section of 
the tube, 
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d^ and d^ being the respective rates of discharge of the electrom- 
eter in scale divisions. From which we have, 
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d. 






«iog.^K«yO 



2VI d. 

In this way the specific ionic velocity v of the ions as they pass 
B may be determined. The upward velocity u of the flame gases 
must be known to obtain exact values o{v\ but as it was soon found 
that the specific ionic velocity varies with the concentration of the 
solution in the flame, and as this is not capable of absolute determi- 
nation, it seemed unnecessary to spend any time on the exact 
measurement of u. As a rough approximation, it was found that u 
was nearly 50 cm. per second, and this number was used in the 
calculations. The results are, therefore, not absolutely correct, but 
the relative values are probably fairly good. 

The first measurements were made on the ions from the uncolored 
flame, at an average distance of about 30 cm. from the tip of the 
flame, around electrode B^ where the temperature was about 1 50^ 
The results were : 

Velocity of positive ions 0.32 cm./scc. 

Velocity of negative ions 0.33 cm./sec, 

McClelland found that the velocity rapidly diminishes with the 
temperature, being 0.48 cm./sec. at 160° and only 0.09 at a tem- 
perature of 105°. The above results are consistent with those found 
by McClelland. 

It was observed that these velocities were unchanged when either 
distilled or hydrant water was sprayed into the flame, showing that • 
in the experiments described below the changes in velocity were not 
due to the water of the salt solution. It was also found that the 
gases from the colored flame were of about the same temperature 
as those from the uncolored, proving that the observed effects were 
not due to temperature changes. 

Preliminary observations showed that the ions from the colorless 
flame move with much greater velocity than those from colored 
flames. In order, therefore, to prevent confusion resulting from a 
mixture of ions moving with different velocities, the swifter ions 
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were removed by charging the electrode ^ to a few volts potential, 
sufficient to give a saturation current for these ions, while not ap- 
preciably disturbing the distribution of the slower ions. 

As already stated, the ions from the colored flame move with 
velocities varying with the concentration of the solution. A syste- 
matic series of measurements was taken, using solutions of diflerent 
concentrations of various salts of the alkali and calcium metals. It 
is evident from the observed effect of varying concentration that the 
velocity varies with the activity of the sprayer, as well as with varia- 
tions in the height and temper^iture of the flame. In order, there- 
fore, that observations taken on different days and under different 
conditions might be comparable, the initial and final observations in 
each series were made with a standard normal solution of NaCl, 
thus obtaining a factor to reduce results for other salts to the same 
relative scale. 

The average velocities determined from a large number of read- 
ings with each solution are given in the accompanying table. Suc- 
cessive readings of rate of discharge, based on the time required for 
the spot of light from the electrometer mirror to pass over a given 
number of scale divisions, Usually agreed within about 5 per cent. 

Since the velocity varies with the concentration of the salt in the 
flame, which is an unknown quantity, it is evident that only the 
relative values have any significance. 

The following conclusions may be derived from these figures : 

1. The velocity of ions of the same sign from equimolecular 
(not chemically equivalent) solutions of all salts of all alkali metals 
is the same. This is also true of salts of the calcium group, but 
for these the velocities are less than two thirds those of the alkali 
group. 

2. The velocity of the negative ions is in all cases somewhat 
greater than that of the positive. The ratio of these velocities is 
for all concentrations very nearly 1.13, 

3. The specific ionic velocity varies inversely as the square root 
of the concentration of the salt in the flame, and consequently may 
vary with the activity of the sprayer with solutions of the same 
concentration. As shown in the table the product of velocity and 
square root of the concentration fluctuates about a mean value, 
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differing from it by as much as 10 per cent, only in two or three 
cases. 

The diminished velocity of the ions as the temperature falls or 
with the lapse of time is usually attributed to the formation of 
molecular aggregates about the original ions as nuclei, as illus- 
trated in the condensation of water vapor on ions. If this is the 
explanation of the observed changes in velocity with changes in 
concentration, it would appear that ions from colored flames do not 
tend to form aggregates with the molecules of the surrounding 
atmospheric or flame gases or water vapor, but only with molecules 
of their own or similar kind. That they may form aggregates with 
molecules of a similar kind is shown by the fact that when a nor- 
mal solution of a sodium salt is added to a normal solution of a 
potassium salt no change in ionic velocity is observed, although the 
sodium salt or the potassium salt solution /^r se is reduced thereby 
to half its original concentration. 

As shown by the experiments of Townsend and of Langevin 
and in accordance with the theoretical deductions of J. J. Thom- 
son,* the coefficients of diffusion and the velocities of the ions 
in a given gas are inversely proportional to the pressure of that 
gas. The changes of velocity here described, however, are not 
due to variations of the total pressure ; they would be inversely 
proportional to the partial pressure of the ions concerned if we 
assume that ionization is proportional to the square root of the 
concentration. Townsend has shown, however, that the coefficients 
of diffusion of the ions produced in any gas by the action of Ront- 
gen rays, Becquerel rays, and ultra-violet light are the same ; and 
Zeleny, Rutherford and Chattock * have shown that the veloc- 
ities of the ions produced by Rontgen rays, ultra-violet light, and 
the spark discharge are the same ; and yet in these several cases the 
degree of ionization was probably very different. It does not 
appear to be generally true, therefore, that ionic velocities are 
inversely proportional to the partial pressure of the ions. That it 
appears to be so in this case may perhaps be explained as follows : 

1 Thomson, Cond. Elect, through Gases, p. 30; Townsend, Phil. Trans., 195, 259, 
1900 ; Langevin, Paris Thesis, 1902. 

•Rutherford, Proc. Cam. Soc, 14, p. 401, 1898. Zeleny, Phil. Trans., 195, p. 193, 
1900. Chattock, Phil. Mag., 46, p. 401, 1897. 
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Free diffusion of different gases takes place at a rate very nearly 
inversely as the square root of their molecular weights. As found 
by Townsend,^ the coefficients of ionic diffusion in various gases are 
also roughly in the same proportion. Measurements of the specific 
ionic velocities in various gases, made by Rutherford, Zeleny, Chat- 
tock, and others, show that these velocities vary approximately, 
according to the same law. There is, then, empirical evidence that, 
other things being equal, the mobility of either molecules or ions 
under the action of any forces acting on them is very nearly in- 
versely proportional to the square root of their mass. TKe same 
may be assumed to be true of molecular aggregates. If, then, an 
ion collects around it aggregates of molecules of its own kind, at 
every collision it will pick up a new molecule. The number of 
collisions, and therefore its mass after a given length of time, will be 
proportional to the concentration of those molecules. Hence it 
would follow that the ionic velocity will vary inversely as the 
square root of the concentration of molecules of the kind from 
which the ions originated. 

It appears that changes of velocity with concentration have not 
been previously noted except by Moreau,* who found that in the 
bunsen flame the velocity of negative ions of the alkali metals in- 
creases with diminishing concentration, but not so rapidly as is the 
case in the flame gases ; and that at a given <:oncentration the 
velocity in the flame varies inversely as the square root of the 
atomic weight of the metal. 

It remains to be explained why the ions of all salts of all similar 
metals move in the flame gases with the same velocity, without 
regard to great differences of the atomic weights concerned. As 
shown by others, this is also true of ions within the flame. It 
is possible that in all these cases we are not dealing directly with 
the different elements, but rather with secondary products of reac- 
tions in the flame, which are the same in every case. 

Various comparisons of the saturation currents in the gases from 
the colorless flame with those in gases from flames into which nor- 
mal solutions were sprayed, showed that in the latter case the cur- 

iTownscBd, Phil. Trans., 193, p. 127, 1901. 
« Moreau, Jl. dc Physique, 2, p. 556, 1903. 
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rents were from ten to twenty times as great as in the former, the 
ratio varying with the distance from the flame. Since, however, 
the velocity of the ions from the colored flame is only about one 
fiftieth that of the other kind, the unsaturated current, dependent 
upon velocity of ions as well as upon degree of ionization, and ex- 
pressed thus, 

may be much less in the case of the colored flame. Thus the ob- 
servations of the apparently decreased conductivity of the colored 
flame gases which led to this investigation are explained. It is also 
evident that, if we take account of the variation of velocity with 
concentration in the flame itself, as found by Moreau, we cannot 
determine the degree of ionization by conductivity experiments with 
small electromotive forces, but should in every case base conclusions 
only on saturation currents. 

Comparison with the results obtained by H. A. Wilson ^ shows 
the following changes of velocity with temperature : 

+ - 

In flame at 2000° (Wilson) 62 1000 

In heated tube at 1000° (Wilson) 7.2 26 

In flame gases at 150** (Lewis) 006 .007 

Wilson found that in the case of ions from solutions of calcium 
salts sprayed into a tube at 1000° the velocity of the positive ions 
was only 3.8 as compared with 7.6 for the alkali metals — a pro- 
portion very nearly the same as that found in these experiments. 

These figures illustrate the rapid formation of aggregates as the 
temperature falls, with the resultant diminution in the difference be- 
tween the velocities of the positive and the negative ions. J. J. 
Thomson has suggested that the smaller velocities of ions from the 
calcium group found by Wilson indicates that bivalent ions form 
larger molecular complexes. 

Rate of Recombination. 

One of the aluminum electrodes previously used was suspended 

inside a long brass tube 1.6 cm. in diameter by a fine insulated wire 

connected with the electrometer and charged by the battery. By 

J H. A. Wilson, Phil. Trans., 192, p. 499, 1899. 
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placing this dcctrodc at diflcrcnt distances from the flame and not- 
ing the rate of discharge the rate of recombination was determined. 
The saturation currents at diflcrcnt distances from the flame were 
proportional to the following numbers : 
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These results are shown graphically in Fig. 2. 

From these figures it aH)ears that the rate of recombination of 
the gases from the colorless flame is much greater than that of the 
gases from the colored flame. The latter rise 15 cm. in the tube 



































i^A 
































#•• 






V 
































N 


\ 































\ 


> 


V 




























\ 


\, 


N 


\ 




















sa 








X 


X 




V 


^>S- 


















\ 






\ 


^ 


^^ 




^ 










H 


Pt 








\ 








^^ 




:::r 






^ 


^ _ 


^f 












\ 




















A 


V 


• 










'^ 


^ 


















• 


J 












1 -^ 




■ — 








^^ i 


Ur</ 




u 




i_ 






^ 





Dia 10 



xs 



so 3S 

FIg.2. 



^ 



ys 



before the ionization is reduced to one half its original amount, 
while the gases from the former become half recombined in rising 
5 cm. Changes in concentration do not appreciably affect the 
gradient of the recombination curve for the gases from the colored 
flame. If the ionization in the gas is proportional to that in the 
flame, if the ionization in the latter is directly proportional to the 
square root of the concentration, as the experiments of Arrhenius 
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and others indicate, and if the velocity varies inversely as the square 
root of the concentration, no change in the rate of recombination 
with concentration should be expected ; for this rate must be pro- 
portional to the product of number and velocity of ions present. 

Further tests were made to find how the ionization in the flame . 
gases varies with the concentration of the solution used. 

Relation Between Concentration and Conductivity. 

With an arrangement similar to that used in determining the rate 
of recombination, the saturation current was measured in two 
regions at an average distance of 20 and 60 cm., respectively, from 
the flame, with an electrode 12 cm. long ; and as a further guaran- 
tee that the saturation should be complete, a third set of measure- 
ments was made with an electrode 25 cm. long at an average dis- 
tance of 40 cm. from the flame. The currents observed were pro- 
portional to the following numbers : 



Distance. 


Electrode xa cm. Long. 


Electrode as cm. Long 




ao cm. 


60 cm. 


40 cm. 


Colorless flame. 


33 


3.5 


11 


NaCl ^\^ normal. 


35 


11 


28 


^ " 


44 


15 


35 


A " 


53 


18 


41 


J " 


70 


24 


60 


1 


100 


32 


79 



It appears, therefore, that the ionization increases rapidly with 
the concentration, but not in a proportion lying between the square 
root and the first power of the concentration, as appears to be the 
case within the flame.^ The proportion is, in fact, more nearly as 
the fourth root. Nevertheless, these results favor the view that the 
ionization within the flame is in part at least a volume effect, not 
purely a surface effect at the electrodes ; for in this case no elec- 
trodes in the flame were used, and yet great increase in ionization 
accompanied increase in concentration ; and increased ionization in 
the flame-gases suggests increased ionization in the flame itself. 

At 20 cm. from the flame it is to be seen from the above figures 

' J. J. Thomson, Cond. of Elect. Through Gases, p. 200. 
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that the saturation current is very nearly as great through gases 
from the colorless flame as through those from a flame sprayed 
with ^\^ normal NaCI solution, and one third as great as when the 
solution is normal, although further away it is much less. This 
• may in part be due to the fact that, on account of the great velocity 
of ions of the first kind near the flame, many ions are drawn up to 
the electrode from the flame itself as well as from the space between 
the electrodes, while this would not be true to the same extent of 
the slower-moving salt ions. Further observations indicated, how- 
ever, that this can hardly be the complete explanation, and that in 
reality the total ionization within the colored flame may not be 
greatly different from that in the pure flame, provided that the 
electrodes are not within the flame. 

Total Ionization at the Boundaries of the Flame. 
Two rectangular electrodes were made out of sheet iron about 25 
by 30 cm., with a cylindrical depression hammered into each in 
such a way that when they were placed vertically and parallel to 
each other at a distance of about one cm. there was a central cylin- 
drical enlargement containing the flame. By this arrangement the 
electrodes almost completely surrounded the flame and had a large 
enough surface to insure a saturation current with a potential dif- 
ference of 250 volts. The currents observed were beyond the range 
of the electrometer, and a sensitive galvanometer was used instead. 
Some observations were made with the electrodes as near as possible 
to the flame without actually touching it, and others at varying dis- 
tances up to about 5 cm. apart. In all cases the ions were com- 
pletely collected by the electrodes, as shown by the fact that a charged 
electroscope held immediately above the flame was not discharged 
while the current was flowing. Below is given a series of galvanometer 
deflections in millimeters, with the electrodes at different distances. 



PlAine. 


PlAine Sprayed with Saturated NaCl Sol. 


8 


17 


9 


13 


9 


14 


4 


6 


3 


5 


3 


6 


2 


3 


Ts 


64 
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The rather remarkable fact seems demonstrated by these figures 
that there issue from the flame charged with saturated NaCl solution 
spray less than twice as many ions as from the pure flame, in spite 
of the well-known fact that when the electrodes are inserted in the 
flame the conductivity is greatly increased by the spray. It must be 
inferred, therefore, that the far greater ionization in the gases from 
the colored flame at a distance from the latter is not due to the fact 
that the initial ionization was greater in the same proportion, but 
rather to the fact that the ions in one case disappear by recom- 
bination, and in the other persist because of slower rate of recom- 
bination. 

It was found that a saturated solution of KI gave about three 
times as much current as the pure flame. This is in accordance with 
the well known fact that in the flame potassium salts are better con- 
ductors than sodium salts. 

Similar results were obtained by H. A. Wilson.* 

These results (assuming proportionality between ionization inside 
the flame and that just outside of it) tend to confirm the view of J. 
J. Thomson and H. A. Wilson that the great conductivity of colored 
flames is principally due to the incandescent electrodes, particularly 
the cathode. * 

It is stated by Wilson {loc, cit,) that an earthed strip of incan- 
descent platinum between electrodes just outside the flame greatly 
increased the conductivity. It was found, however, that the intro- 
duction of incandescent platinum or carbon in the flame produced 
no noticeable increase in the conductivity of the flame gases. 

These experiments are not wholly free from contradictory features. 
As we do not know that ionization within the flame and that just 
outside of it are strictly the same in character and proportional to 
each other, they do not determine whether the ionization within the 
flame is a volume or surface effect ; but the most consistent inter- 
pretation seems to be that there is a volume ionization in colored 
flames somewhat though not greatly in excess of that in uncolored 

» H. A. Wilson, Phil. Trans., 192, 510, 1899. 

' NoU added Oct. 18^ igos • Some results just obtained by Mr. J. G. Davidson in 
this laboratory indicate that the difference of conductivity is due to the position of the 
electrodes in the flame, but not to their temperature. 
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flames ; that the part of the ionization due to the salt solution varies 

with the concentration of the solution, in a proportion lying between 

the fourth root and the square root of the concentration ; and that 

the conductivity of the flame is greatly increased by the insertion 

of the electrodes into the flame. 

University of Caufornia, 
September 8, 1905. 
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EXPERIMENTS ON RESONANCE IN WIRELESS TELE- 
GRAPH CIRCUITS. PART III. 

By George W. Pierce. 

THE experiments here described, like those of the earlier papers,^ 
deal with the resonance conditions in wireless telegraph cir- 
cuits of the electromagnetically connected type, A diagram of this 
type of circuits is shown in Fig. 24. 5 represents the sending 
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Si' 



J 






m 



Fig. 24. 

Station, R the receiving station. The two stations are 187 meters 
apart. A form of high-frequency dynamometer in Circuit IV. at 
the receiving station serves to measure the energy transmitted to 
the receiving station by the electric waves. 

» Pirts I. and II. were published in Vol. XIX., September, 1904, and Vol. XX., 
April, 1905, of the Physical REVitw. 
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In the previous experiments the capacities C and A^ the coils I., 
II., III., IV., and the form and height of the antennae at the two 
stations have been varied. Empirical formulas for the resonant 
relation of these several quantities were obtained, and these formu- 
las were found to be in fair agreement with theoretical deductions. 

In the present experiments it is proposed to investigate the effect 
of varying the mutual inductance between the two circuits at each 
station, — that is, the effect of varying the coefficient of coupling. 

The coefficient of coupling r is defined for the two stations by 
the equations, 

The importance of these coefficients of coupling in determining 
the sharpness of resonance and strength of signals has been pointed 
out by M. Wien.* From theoretical considerations he shows that 
when r is large at the two stations, waves of great intensity are 
transmitted, and stations with large values of r are adapted to sig- 
nalling to great distances. Under these conditions, however, that is, 
with large values of r, the resonance is not sharp, and may be no 
sharper than with the simple system in which spark-gap and receiv- 
ing instrument are placed directly in the mast circuits. 

On the other hand, when r is small at both stations the resonance 
is sharp, though the distance that may be covered is not great. 

A system of wireless telegraphy with large value of the coefficient 
of coupling is called by Wien a "close coupled** system, while a 
system with a small value of r is called ** loose coupled.** The loose 
coupled system of sending and receiving stations should give the 
sharp resonance. These several propositions are here submitted to 
experiment. 

IX. Resonance Experiments with Variation of the 
Coefficient of Coupling. 

Experiment X, Resonance curves with variation of coefficient of 
coupling and height of antenna at the receiving station, — The coils 
employed in the four circuits had the following values : 

» D. A., Vol. VIII., p. 686, 1902. 
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Coil No. 


No. of Tumi. 


Diameter of 


Length of 


Inductance, 






Wire, cm. 


Solenoid, cm. 


Henriee. 


I. 


9 


.164 




1.71 X i0-» 


II. 


240 


.104 


46 


125 X 10-« 


III. 


240 


.104 


46 


125 X 10-» 


IV.i 


17 


.164 




7.04X10-* 



Mutual Inductances, — The mutual inductance between Circuits 
I. and II. at the sending station was left constant. The value of 
this mutual inductance was 

J/,2 = 4.90 X lO""* henries. 
The coefficient of coupling at the sending station was, therefore, 



M.. 



^' " ^/LX. 



4.90 



\/i25 X 1.71 



.335. 



The mutual inductance between Coils III. and IV., and, there- 
fore, the coefficient of coupling at the receiving station^ was varied 
by displacing the inner coil, III., in the direction of its axis, while 
the outer coil, IV., was left stationary. The value of the mutual 
inductance for several relative positions of the two coils was known 
from a comparison with an earth inductor. Experiments were made 
with the following values of the mutual inductance and coefficient 
of coupling at the receiving station : 



M^^, Henriee. 


u 


r,» 


8.9 XlO-4 


.30 


.090 


6.4 X10-* 


.213 


.047 


4.17X10-4 


.141 


.020 


2.12X10-* 


.071 


.0051 



From the theory it is known that z^ enters in the resonance con- 
dition only as z^^ which comes into the equations usually in com- 
parison with unity. The present experiments then cover a range of 
values of z^ from 9 per cent, to y^ per cent, of unity. 

The process of the experiment was as follows : First, the con- 
denser in the side circuit at the sending station was adjusted so that 
the sending station gave out waves of a definite wave-length as free 

^ Including the instrument. 
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from harmonics and distortions as was possible with the condition 
of coupling that prevailed at the sending station. This was done, 
as described in the previous papers, by taking a series of resonance 
curves in the following manner. With the sending and receiving 
antennae of the same dimensions, namely, a single wire i6 meters 
long, resonance curves at the receiving station were taken for several 
values of condenser capacity at the sending station. These curves 
are shown in Fig. 25. The different curves correspond to different 



so 



o 30 



































a 

A 
















































^ 
















































. _. 


3 




















1 


i 






















i 


\ 


i 




















i 


\ 


\ 




4 
















i 


r^ 


^ 








— 1 







10 20 30 40 50 60 70 80 90 
RECEIVING CAPACITY 

Fig. 25. 

values of the condenser at the sending station, and the individual 
points of each curve are the deflections obtained with various values 
of capacity of the air condenser at the receiving station. The details 
of the method of obtaining these curves are given in Part I. 

Curve 2 shows the best resonance, and the capacity in the send- 
ing side circuit was set at the value that gave curve 2 and kept at 
that value throughout the remaining steps of the experiment. 

The antenna at the sending station (i6 meters of single wire) 
was also left unchanged. 

Thus with a source of waves of constant wave-length and approx- 
imately constant intensity, variations were made at the receiving 
station, and the effects of the variations were studied by means of 
the deflections obtained in the high frequency dynamometer. 
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The variables at the receiving station were the height of antenna, 
the coefficient of coupling, the capacity of the air condenser A^ 
Fig. 24, and the deflections. 

The receiving antenna consisted of various heights of two 
parallel wires .208 cm. in diameter and 57 cm. apart. 

For a particular height of antenna, 24 meters, and a particular 
value of Tj (rj = .30) the curve marked 24 in Fig. 26 was obtained. 
In this curve the deflections of the receiving instrument are plotted 
against centimeters of length of the air condensers in the receiving 
side circuits — each centimeter of the condenser being 2.77 x lO""" 
farads. 

Other heights of the receiving antenna, e. g,, 18, 14, ib and 9 
meters, gave the curves marked 18, 14, 10 and 9 in Fig. 26. 
These curves and many others 
corresponding to other heights 
of antenna "were taken with the 
same value of r^, r, = .30. 

So far the experiment is 
exactly analogous to several 
experiments described in more 
detail in Part IL As in the 
previous paper, by an exam- 
ination of the curves of Fig. 
26 it is seen that as the length 
of receiving antenna is de- 
creased it is necessary to in- 
crease the capacity of the air 
condenser in the side circuit 
to obtain resonance. The 
exact relation between this 
height of antenna and the 
resonant capacity in the side 
circuit at the receiving station 
is represented in curve FF' 
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Fig. 26. 



of Fig. 27, in which height of antenna is plotted against resonant 
capacity in the side circuit. The curve FF' as was pointed out in 
Part II. is approximately the two branches of a hyperbola. 
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Variation ofr^, — Along with the curves of the fkmily (r, = .30) 
represented in Fig. 26, similar curves were taken with other values 
of the coeffident of coupling at the receiving station ; namely, with 
T, equal .213, .141, .071. This gives three other families of curves 
similar to the partial family in Fig. 26. The drawings of the indi- 
vidual curves of the three new families are not here given, but it is 
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Fig. 27. 

attempted to present the results obtained by a discussion of the data 
with respect to the effect of r, on the capacity hyperbola, effect of 
r, on energy received with various heights of antenna, and effect of 
r, on sharpness of resonance. 

I. With respect to the capacity hyperbola reference \s again made 
to Fig. 27. The approximate hyperbola FF' represents the rela- 
tion between the height of antenna and the capacity C^ in the side 
circuit at resonance. When the value of the coefficient of coupling 
is diminished from r, = .30 to the values r, = .213, .141 and .071, 
the above relation takes the form of the curves GG' , HIT ^ndjf. 
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respectively. That is the approximate hyperbolas move in towards 
their asymptotes and approach coincidence with the vertical asymp- 
tote. Also the asymptotes shift slightly toward the origin of 
Coordinates. 

• This result might have been predicted from the theoretical equa- 
tions given in Part II. It was there shown that for a given fre- 
quency of incident waves the condition for resonance between the 
two parts of the receiving circuit is expressed as a first approxima- 
tion by the equation, 

in which C^ is the capacity of the mast circuit, C^ the capacity of 
the side circuit coupled with it, L^ and L^ the self inductances of 
the two circuits, J/ the mutual inductance of these two circuits, ai 
the angular velocity of the incident waves, and 

« = Z,Z,-A/'=(i-r/)Z,Z:,. (2) 

Equation (i) is the equation of a hyperbola with asymptotes 
C3 = LJao)^ and C^ = LJaio^. 

In the curves of Fig. 27, instead of the capacity of the antenna, 
we have the height of the antenna, which the previous experiments 
showed to be approximately proportional to its capacity. For a 
given change of r, the displacement of the asymptotes in the experi- 
mental hyperbola would, therefore, be proportional to the displace- 
ment of the asymptotes of the theoretical hyperbola. The effect of 
diminishing r, in the theoretical equation is seen to be a slight 
shifting of the asymptotes toward the origin and an approaching of 
the curves toward their vertical asymptote — an effect that is plainly 
apparent in the experimental curves. 

Numerical Test. — To ascertain whether the four curves of Fig. 
27 are in agreement with the elementary theory given in Part II., 
they are here examined numerically. The curve FF' is approxi- 
mately represented by the equation 

(Ar,-M)(C;-39)=2S. (/) 

In the experiment by which this curve was obtained r, was .30. 
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The constants of equation (/) when changed aj^ropriatdy for the 
change in r , should give the constants 'of the equations to the 
curves GG\ HH' and JJ' . The way to make these changes is 
apparent from equation (i). For example, the constant to be sub- 
tracted from height of antenna is inversely proportional to (i — r|), 
the constant to be subtracted from dT^ is also inversely proportional 
to (i — r^, while the constant on the right hand side of the equa- 
tion is proportional to r* and inversely proportional to (i — rj)*. 
Making the changes suggested by these relations we derive the fol- 
lowing equations for the curves GG' ^ HH' and JJ' : 



(//,-6.8)(C;- 37.2) =11.5 

(iy,-6.6)(C,- 36.2) = 4.75 
(//r-6.3)(C,- 36.0) =1.16. 



(A) 
C/) 



The equations (^g\ (A) and (j) do not represent the curves GG\ 
HH' KVidJJ' of Fig. 27 as well as the equations {g'), (A') and {j'), 
P* 375 » in which the values subtracted from the height of antenna 
are 7.2, 7.0 and 7.0, instead of the values 6.8, 6.6 and 6.3 in the 
theoretical equations. 

Table XVI. 

Relation Between Height of Receiving Antenna and Resonant Capacity ^ with 

Variation of t^ 





T 


, = .90. 


1 


.tX3. 


Meters Antenna 

Above CoU, 

H 


Reeonant Cepac- 
ity Observed, 


Resonant Capac- 
ity Calculated. 


Resonant Capac- 
ity Observed, 


Resonant Capac- 
ity Calculated. 


24 


40.5 


40.4 


38.5 


37.9 


21 


40.5 


40.5 


38.0 


38 


18 


41.0 


41.4 


38 


38.3 


16 


41 


41.7 


38.5 


38.5 


14 


42 


42.6 


39 


38.9 


12 


44 


44.1 


40 


39.4 


11 


45.5 


45.4 


41 


40.6 


10 


47 


47.6 


42.5 


41.7 


9 


54 


52 


46.3 


43.7 


8 


71 


67 


55 


53.3 


7.5 


100 


101 


77 


78.2 


6.5 


22 




28 


4.0 


5.5 


27 


23.4 


31 


13 


4.5 


30.5 


29.4 


33.5 


28 


3.5 


33 


32 


34 


31 
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(//,-7.2)(C,- 37.2) =11.5 
(^,-7.o)(c;- 36.2) = 4.75 
(//,-7.o)(C;-36.o)=i.i6. 



(A') 
W) 



This departure is slightly larger than could arise in error of 
measurement. With decrease of r^ the horizontal axis of the curves 
does not move downward as much as the theoretical equation (i) 
requires. This discrepancy, together with the departure of curves 
like FF'y GG\ HH' d^ndJJ' from true hyperbolas, probably arises 
in the assumption made in Part II. that cutting off wire from the 
antenna docs not change the self inductance of the mast circuit by 
an amount significant in comparison with the inductance of the coil 
in the mast circuit. That is, in the theoretical discussion of the 
resonance conditions (Part II.), the capacity of the antenna was 
supposed to be localized instead of distributed. The present experi- 
ment shows that this supposition enables us to predict approximately 
the shape and interrelation of the curves of Fig. 27, but that when 
submitted to strict test a slight departure between theoretical and 
experimental values is detected. 

Table XVII. 

delation behoten Height of Antenna and Resonant Capacity with Variation of r,. 



tters Antennft 




T,= 


.141. 




T« = 


.071. 


Above Coil, 
H. 


Resonant Cepac- 
ity Observed, 

C4. 


Resonant Capac- 
ity Calculated. 


Resonant Capac- 
ity Observed, 

C4. 


Resonant Capac- 
ity Calculated. 


24 




37 




36.5 


36 


36.1 


21 




37 




36.5 


36 


36.1 


18 




37 




36.6 


36 


36.1 


16 




37 




36.7 


36 


36.1 


14 




37 




36.9 


36 


36.2 


12 




37.5 




37.2 


36 


36.2 


11 




38 




37.3 


36 


36.3 


10 




39 




37.6 


36.5 


36.4 


9 




41.2 




38.4 


37 


36.6 


8 




42.5 




40.7 


37 


36.7 


7.S 




45 




45.7 


37.5 


38.2 


7 




32 




— 


34 





6.5 




32 




26.7 


35 


33.7 


5.5 




34.1 




33.1 


35.5 


35.3 


4.5 




35 




34.3 


36 


35.5 


3.5 




36 




34.9 


36 


35.7 
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Tables XVI. and XVII. give the observed values of resonant 
condenser capacity corresponding to various heights of receiving 
antenna in comparison with the values calculated from equations 

(/).(^').(A')and(y'). 

2. iVi/A respect to the effect of r^ on the energy received with 
various heights of antenna, reference is made to Fig. 28. In this 

Rg.28. 




8 10 

HEIGHT or ANTENNA 
Curves showing energy received with various heights of antenna and various values of 
the coefficient of coupling at the receiving station. The deflections were taken with the 
condenser circuit in resonance with the mast circuit. Each point in the present figure is 
thus the vertex of a resonance curve from Fig. 26 or from a similar family. Curve F, 
T, = .30 ; Curve G, r, = .213 ; Curve //, r, = . 141 ; Curve /, r, = .071. 

figure the deflection of the instrument, that is, the square of the 
current in the instrument circuit, is plotted against the height of 
receiving antenna for various values of r^. The deflections are the 
readings of the dynamometer when the condenser circuit and the 
mast circuit at the receiving station are in resonance. They were 
taken with different values of the sensitiveness of the receiving in- 
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strument but they are all reduced to the same scale, namely the 
deflection of the instrument in centimeters at one tenth its best 
sensitiveness. 

Table XVIII. is given to show numerically the relative values of 
the deflections. These measurements were taken in a series extend- 
ing over several days and are subject to errors arising from change 
of interrupter, change of weather, and change of the instrument due 
to expansion of the vulcanite mounting of the coil, and are hence 
not as accurate as observations taken in a short series, like that of 
determining a single resonance curve. 







Table XVIII. 








Effect of T^on Energy Received, 




Ratio ^uared. 


.30 

X 
X 


.ax3 

.79 

.59 


.14X 
•47 

.92 


.07X 

:^6 


Height Meters. 


Relative Deflection. 




24 






.48 


.142 


.048 


18 






.59 


.26 


.068 


16 






.60 


.255 


.076 


14 






.66 


.30 


.087 


12 






.80 


.39 


.122 


11 






.88 


.39 


.158 


10 






.97 


.63 


.23 


9 






1.03 


.93 


.49 


8 






1.05 


1.52 


1.94 


7.5 






.80 


1.37 


3.0 


7 


__ 


1 


3.9 


8.0 


14.2 



Table XVIII. shows that when the antenna is long the deflections 
are roughly proportional to t^. Since the deflections are propor- 
tional to the square of the current in circuit IV. and z^ is propor- 
tional to the square of M^, this relation is of the order that one 
should expect. When the height of the antenna is diminished the 
ratio of the deflections varies in a complex manner, on account of 
the occurrence of a maximum and a minimum at different heights 
of antenna in the four cases. 

3. With respect to the effect of r^ on the sharpness of resonance 
Fig. 29 shows two characteristic curves, one taken from the set 
with rj = .30, the other from the set with r^ss.o/i. For both 
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curves the height of antenna was 24 meters. In Fig. 29 deflection 
is plotted against percentage departure of capacity from resonant 
capacity. The deflections observed for the dotted curve (r^ = .071) 
are about one twentieth the deflections for the heavy-line curve 




CHANGE OF CAPACITY 
Fig. 29. 

(rj=.3o). but in the figure the maximum deflection of each is 
called 100 so that it may be seen how the deflections fall away 
from the maximum deflection with change of capacity from reso- 
nant capacity. 

With Tj = .30 the deflection falls to half for a change of capacity 
of about S per cent., while with r^ = .071 the deflection falls to half 
for a change of capacity of 2.5 per cent. The deflection is propor- 
tional to the energy and the capacity proportional to the square of 
the period, so we may say that the energy received falls to half for 
a dissonance of 2.5 per cent, and 1.25 per cent, in the two cases 
respectively. 

For the cases in which r^ had intermediate values between .30 
and .071 the curves of energy against dissonance lie between the 
two curves plotted in Fig. 29. 
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Experiment X. thus confirms the theoretical deduction that with 
decrease of the coefficient of coupling the sharpness of resonance 
is increased. The gain in sharpness of resonance is, however, paid 
for by a loss in energy. For with constant sending station in 
order to improve the sharpness of resonance two-fold, it was 
necessary to change the coefficient of coupling at the receiving 
station to such an extent that the energy received was decreased 
twenty-fold. Of course these particular numbers hold only when 
the receiving instrument has a very low resistance. In these 
experiments the resistance of the dynamometer was only 1.33 
ohms. With a high resistance receiving instrument it is not pos- 
sible to obtain resonance as sharp as that here found, and the eflect 
in sharpness of resonance produced by diminishing r would be less 
than in the case under observation. I have been taking some data 
with the electrol)^c and mychrophonic receivers but the experi- 
ments are not yet ready for presentation. 

Experiment XI. With Decrease of Coefficient of Coupling at the 
Sending Station, — The coefficient of coupling was decreased at the 
sending station without appreciable gain in the sharpness of reso- 
nance. This result may be due to the fact that with the condensers 
employed at the sending station in the present experiments the 
changes of capacity were made step- wise, and possibly the steps 
were not small enough to afford the proper adjustments when the 
coefficient of coupling at the sending station was small. 

Wave-length, — The wave-length of the sending station in the 
present experiment may be calculated from the position of the verti- 
cal asymptote of any one of the curves FP ^ GG\ HH' and j^', of 
Fig. 27, by the aid of the equation 

C =^ = ' {x\ 

in which C^ is the abscissa of the vertical asymptote. The wave- 
length is obtained by determining oi from Equation 3. The compu- 
tation is very simple if use is made of the curve Jf^ for in that case 
T^ is negligible, and we have, remembering that each centimeter of 
the air condenser equals 2.77 x 10 " farads, 

36 X 2.77 X 10-" = -^ -. , 

w^ X 7.04 X 10-* 
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—=26.5 X 10 

01 



r= — = 1.66 X lO"* seconds, 
oi 



and the wave-length 



X = vT'=^ 500 meters. 



The other curves FP ^ GG' and HIT give the same value of the 
wave-length. 

Another series of experiments was performed with coils of 115 
turns (inductance 31 x io~* henries) in the mast circuits but the ex- 
periments added nothing to the results here given. 

Experiments on the conditions for resonance in the directly con- 
nected system of circuits are in progress. 

Jefferson Physical Laboratory, 

Harvard University, Cambridge, Mass., 
July, 29. 1905. 
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RESISTANCE OF TUBES TO COLLAPSE.* 
By a. p. Carman. 



vy 



" I "HE purpose of this paper is to describe some experiments made 
^ on collapsing small brass tubes by hydrostatic pressure, and 
to compare these experimental results with the empirical and the 
theoretical formulae which have been proposed for the resistance of 
metal tubes to collapse. 

The only extended and systematic experiments which have been 
published on the collapse of tubes, are the experiments of Sir 
William Fairbaim made neary fifty years ago at the suggestion of 
the Royal Society and the British Association. Fairbaim's results 
are given in his paper in the Philosophical Transactions for 1858. 
The empirical formula which he deduced from his experiments has 
since been in general use in some form by engineers in the practical 
calculations of the strength of boiler flues. Fairbairn in his paper 
gives the diameters, lengths, thicknesses, and collapsing pressures 
for twenty-one thin iron tubes, and for five thicker tubes. As no 
two of the thicker tubes were exactly alike in construction, the 
formula deduced was almost wholly based on the experiments with 
the thin tubes. These thin tubes were made of single sheets of 
tinned iron plate, bent into a cylindrical shape, riveted and soldered. 
All were 0.043 ^f ^^ i^^h thick. Five diameters, 4", 6", 8", 10", 
and 1 2", were used in the experiments, and the lengths ranged be- 
tween 19 inches and 60 inches. Fairbaim's empirical formula is 

^2.19 

/ =806,300 — 

where / equals the external pressure in pounds per square inch, / 
equals the thickness of the walls in inches, / equals the diameter in 
feet, and d equals the diameter in inches. 

This formula obviously holds only for limited lengths, for the 
collapsing pressure can not decrease indefinitely as the lengths in- 

1 A paper read before the American Physical Society in Chicago, April 23, 1905. 
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crease. The numerical constant must also vary with the elastic 
properties of the material. The formulae adopted by the British 
Board of Trade, Lloyd's Marine Underwriters, and the U. S. Inspec- 
tors of Steam Vessels, have no theoretical value, being merely work- 
ing variations of Fairbaim's formula. Many writers have shown 
the insufficiency of the above formula and have studied the data and 
deduced new empirical formulae. Such are the formulae of Grashof ^ 
of G. H. Love ' and W. C. Unwin.* Professor Unwin was an as- 
sistant in Fairbairn's experiments, and nearly thirty years later, 
gave a discussion of the same results, seeking to deduce a formula 
which should have some relation to the ordinary formulae of applied 
mechanics. His formula was based on no new experiments and 
has not been accepted, its insufficiency having been shown by sev- 
eral writers. ^ 

Theoretical treatment of the problem has been presented within 
a few years by three Cambridge mathematicians, G. H. Bryan* 
A. B. Bassett* and A. E. H. Love.^ The problem is one in the 
stability of an elastic system, and, as Love says, is one of the most 
difficult in the theory of elasticity. Mr. Bassett in his paper in the 
Phil. Mag., for September, 1892, ** On the Difficulties of Construct- 
ing a Theory of the Collapse of Boiler-Flues," attempts, however, 
to show that while the solution proposed by Mr. Bryan and himself 
is imperfect and not rigorous, yet it is probable for practical pur- 
poses a sufficient approximation. Bryan, Bassett and Love, with 
slightly different methods and assumptions, came to substantially 
(he same expression for the collapsing pressure of a tube of indefi- 
nite length. Love's statement is : *' No flue however long can col- 
lapse unless the pressure exceed 2£'/(i— <t*) A'/^ and that when 
the pressure exceeds this limit any flue will collapse, if its length 
exceed a certain multiple of the mean proportional between the 
diameter and the thickness." In the above expression, -£is Young's 
modulus, a is Poisson's ratio, h is half the thickness of the wall, and 
a is the radius of the middle surface of the tube. No experimental 

iZeitschnft d. Vereins deutscher Ingenieure, vol. 3, p. 234. 
'Todhunter and Pearson's History of Elasticity, vol. 2, p. 667. 
sProc. of Inst. C. E., 1876, vol. 46, p. 225. 
«Proc. Camb. Phil. Soc, VI., i888. 
*Phil. Mag., vol. 34 (1892), p. 221. 
« Theory of Elasticity, vol. II., p. 315. 
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tests of these theoretical deductions have been published so far as 
we know. 

The experiments described here were started to test the empirical 
formula of Fairbairn, particularly for fixing a limit on the length to 
which that formula is applicable, a point altogether omitted by 
Fairbairn. The experiments soon showed the narrow limits and 
the inadequacy of Fairbaim's formula. Attention was then drawn 
to the theoretical solution of the three mathematicians. The ex- 
periments were made on seamless brass tubes of small diameters. 
The tubes were placed in the stout steel receiver of a Cailletet ap- 
paratus, and hydrostatic pressure was produced by a Cailletet 
pump. It was found that the impact which came with the collapse 
of the tube injured the hard rubber valves of the pump, and the 
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time required to get the valves working again after the collapse of 
each tube, made the experiments very tedious. So a valve was put 
in to cut off the pump from the receiver after a sufficient prelimi- 
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nary pressure was reached. The final pressure was then produced 
by a piston compressor, the piston being forced in by a screw. 
This auxiliary piston compressor was constructed specially for this 
work in the machine shop of the department This arrangement 
had an added advantage that the pressure was increased gradually 
and the exact collapsing pressure could be more easily read. The 
pressures were read from a Bourdon gauge made by Shaefler and 
Budenberg. The ends of the tube were closed by brass plugs 
soldered in, and the inside of the tube was connected with the 
atmosphere. The collapse came suddenly, and the hydrostatic 
pressure fell immediately to atmospheric pressure. As may be 
seen from the data given below, pressure up to 858 kilograms per 
square centimeter were used. The tubes in the experiments were 
commercial seamless brass tubes, purchased from the same jobber, 
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with the idea of obtaining uniform material^ but unfortunately the 
brass in the different tubes was not the same. In any one size 
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there was, however, remarkable uniformity, as shown by the tests. 
A considerable number of tests were made on brazed tubes pur- 
chased in the market, but there was such a variation in the results 
in samples from the same piece of tubing, that nothing could be 
made of the tests. With larger tubes this might not be found the 
case. The lengths, diameters, thicknesses, and the collapsing pres- 
sures are given in the following table and curves. I am indebted 
to Mr. F. C. Brown for many of the observations. 

Table of Collapsing Pressures for Seamless Brass Tubes, 











Mean Diameter. 


Thickness of Wall. 


Length. 


Coilapsins Pressure. 


.891 cm. 


.041cm. 
«( 


8 mm. 
12 " 


290kg./cm.« 
240 '* 




<< 


18 " 


225 " 




«< 


27 •' 


158 ** 




(< 


39 ** 


125 *' 




•« 


80 " 


130 •* 




<i 


90 " 


130 ** 




<t 


39 •* 


670 " 


1.12 cm. 


.08 cm. 


58 " 


490 " 




<< 


69 " 


470 •• 




<i 


85 »' 


470 •* 




M 


97 '• 


450 " 




« 


190 •• 


470 " 


1.83 cm. 


.08 cm. 


31 •' 


545 *' 




(1 


44 " 


465 •* 




(< 


58 " 


440 •• 




<« 


77 •• 


360 " 




(< 


208 •* 


350 " 




f( 


87 " 


840 " 


1.78 cm. 


0.135 cm. 


89 •• 


858 " 




.< 


130 •' 


850 *• 




t< 


130 •• 


845 •• 




(( 


132 " 


840 " 




(1 


134 •« 


850 *• 




«< 


210 *• 


850 " 





An inspection of these data and curves, Figs, i and 2, shows 
immediately that there is a minimum length for each tube beyond 
which the collapsing pressure is constant, and further, that this 
minimum length is quite definite. Again, we see that for lengths 
less than this critical minimum length, the collapsing pressures rise 
rapidly. As definitely as can be determined from these small tubes. 
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the collapsing pressure varies inversely as the length, for lengths 
less than the critical length. In this they follow Fairbaim*s formula, 
and suggest that Fairbairn's tubes were all less than their critical 
lengths. An inspection of the woodcuts which Fairbaim gives for 
each of his experiments and comparing them with the shapes of 
the brass tubes which we have collapsed confirms this. Figs. 3 
and 4 show shapes and sections of the collapsed tubes of the curve 




Fig. 3. 

for Fig. I. Fairbairn's shapes are exactly those which we have 
gotten for lengths less than the critical length. In the quotation 
made above from Love, it is stated that this minimum leng^th is a 
multiple of the mean proportional between the thickness and the 
diameter. It is to be presumed that for the same material, this 
multiple should be a constant. But the data on these small tubes 
were not found sufficient to determine this factor of the mean pro- 

«^^S=C 8 8 

Rg. 4. 

portional. The annealing of the tubes is probably not the same. 
In the case of one size tube upon which we have excellent data, 
viz., the tube with a mean diameter of 1.78 cm. and a thickness of 
o. 13s cm., we were fortunate in getting a value of Young's modulus 
for the brass. This was kindly obtained by Professor A. N. Talbot 
in the Laboratory of Testing Materials of the University of Illinois. 
Using this value, 11.5 x 10" dynes per square centimeter (a high 
value for brass), and assuming corresponding value for Poisson's 
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ratio, we calculated the value of the collapsing pressure from Bryan's 

formula, and got a value of 10.4 x lo^^ The experimental value 

was 8.5 X 10", a number of the same order, and probably as good 

a confirmation as could be expected from a single. experiment. 

These experiments on small brass tubes have shown that formulae 

of the Fairbaim type are inadequate, and that for tubes of sufficient 

length, a formula of the type of that proposed by Bryan and Love 

is more nearly true. Most boiler flues used in modem boilers 

probably follow this formula. Arrangements are now being made 

to get results on large steel tubes such as are used in modem boiler 

construction, and it is hoped thus to eliminate the errors due to 

differences in annealing, etc., of small tubes, and test further the 

practical application of the formula. 

Physical Laboratory, 
University of Illinois, 
April, 1905. 
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THE DISTILLATION OF AMALGAMS AND THE 
PURIFICATION OF MERCURY. 

By Geo. A. Hulett and Howard D. Minchin. 

IT has frequently been stated that, on distilling amalgams, metals 
distill over with the mercury, but the experimental evidence 
is not conclusive. C. Michaelis * found that electrical conductivity 
offers a very delicate means of detecting a trace of a metal in 
mercury. He found no impurity in the distillates from amalgams 
distilled in a mercury pump vacuum, but when the amalgams were 
distilled in a partial vacuum of (26 mm.) impurities were detected 
in the distillates, however in the latter case it is mentioned that 
there was much bumping. Victor Meyer * tested this question by 
distilling mercury, containing Bi, Pb, Sn, Cu, etc., from porcelain 
retorts at atmospheric pressure. The distillates were tested ana- 
l)^cally and found to contain impurities. Only after the twelfth 
distillation did the distillate give a negative test for other metals 
than mercury, but in this work also there is no assurance that some 
of the amalgam did not spurt over during the distillation, as there is 
much bumping unless mercury is distilled in a Torricellian vacuum. 
The well known method of preventing bumping by allowing a 
gas or vapor to bubble up through the liquid in the .still will also 
effectively prevent the bumping of mercury. Mercury may there- 
fore be distilled under diminished pressure and with very simple 
apparatus as proposed by one of us.* At that time mercury and 
amalgams were distilled in an aspirator vacuum of 20 mm. pressure, 
with air bubbling up through the mercury from a fine capillary, as 
described in the second part of this paper. With this method there 
is no suggestion of bumping, and although the distillation proceeds 
very rapidly there is very little ebullition. It is certain that noth- 
ing but vapors are carried over to the condensing tube. Zinc and 

>C. Michaelis, Inaug. Diss., Berlin, 1884. 

« Victor Meyer, Berichte, 1887, p. 498. 

>Geo. A. Hulett, Zeitschr. Phys. Chem., 33, 611, 1900. 
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cadmium amalgams were distilled and the distillation carried to 
completion, but neither zinc nor cadmium were detected in the 
distillate, and the method used, electromotive force, would detect 
one part of zinc in ten million to one hundred million parts of 
mercury. These metals undoubtedly have at this temperature a 
vapor pressure, for when amalgams are used in the mercury vapor 
lamp the metals appear prominently in the vapor. Recently 
Kraflft * has shown that cadmium begins to volatilize at 1 56°, in a 
vacuum and in time deposits a mirror on the colder parts of the 
tube. Zinc exhibits the same phenomenon at 184°. 

We have repeated the experiments recorded in the paper men- 
tioned above, and with the same negative results even though the 
electromotive force method of detecting zinc in mercury has been 
refined so that we can now detect one part of zinc in ten billion 
parts of mercury. Calculation shows that such an amalgam in the 
form of a vapor at 20 mm. total pressure would have a partial 
pressure of zinc of only 6 x 10"* mm., but in view of the work of 
Krafft, 1. c, zinc at 200° must have a greater pressure than this. 
It seems probable that zinc volatilizes with the mercury, but in 
our form of still it is oxidized by the oxygen of the air which is con- 
tinuously bubbled through to prevent the bumping. We have fre- 
quently noticed that the distillate is not always bright when distilled 
from a concentrated amalgam,* but when it is filtered through a pin 
hole the mercury is perfectly bright and shows not a trace of zinc, 
that is, it shows leiss than one part in ten billion parts of mercury. 
The probability that the air bubbling through the mercury in the 
still not only prevents bumping, but also plays the very prominent 
role of oxidizing less noble metals that may get into the mercury 
vapor, is of considerable importance in the purification of mercury. 
To test this a Weinhold * mercury still was constructed and zinc 
amalgam distilled in it. '^e mercury hardly boiled and there was 
not a suggestion of spurting but we readily detected zinc in the dis- 

iF. Krafit, Berichte der Deutsch. Chem. Gesell., 38, 255, 1905. 

'Geo. A. Hulett, Zeitsch. Fbys. Chem., 33, 611, 1900. 

* Carls. Rep., 9, 68. The Weinhold still has been many times modified and im- 
proved, e, g.j Gark, Phil. Mag., 17, 24 ; Dunstan and Raymond, Phil. Mag., 19, 367 ; 
Smith, Phil. Mag., 29, 501; Nebel, Carls. Rep., 23, 236; Morse, Amer. Chem. 
Joom., 7, 60. 
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tillate even when there was only one part of zinc to one thousand 
parts of mercury in the still. In the Weinhold still the distillate forms 
a continuous mercury pump and the mercury vapor in time removes 
every trace of air. Our still was charged with pure mercury and the 
distillation carried on about 5 hours to remove all the air, then zinc 
amalgam, one part by weight of zinc to one thousand of mercury, was 
introduced into the reservoir, and was finally brought into the still by 
elevating the reservoir. There was a known amount of mercury in 
the tube leading from the reservoir to the still, and this mixed with 
the amalgam and diluted it so that the concentration of zinc was 
reduced to i part of zinc to 1,160 parts of mercury. This amalgam 
was distilled and the very first distillate showed i part of zinc to 
i& parts of mercury. As the distillation proceeded, the concentra- 
tion of the zinc in the amalgam increased until finally zinc began to 
separate and appear at the edge of the boiling amalgam and on the 
sides of the still above the amalgam. During the distillation sepa- 
rate portions of the distillate were removed and saved for further 
examination. The samples Nos. 27, 28, and 29, were removed 
after zinc had separated from the amalgam, and we may assume 
that the vapor which condensed to form these samples was saturated 
with zinc vapor. This conclusion seems justified as there was con- 
siderable solid zinc in the still and there was no suggestion of an 
oxide or coating on either the zinc or amalgam. These samples, 
Nos. 27, 28 and 29, were tested for zinc, as will be described below, 
and showed i part of zinc to 10* parts of mercury. We know 
also the pressure in the still (20 mm.) and from this data we 
may calculate the partial pressure of the zinc vapor in the still. 
According to Ostwald (Lehrbuch d. allg. Chem., I., 642), we have 
Q\ • Q^ • • ^1 A • ^J^% where Q^ and Q^ are the relative amounts of 
zinc and mercury in the distillate. P^ is the desired pressure of the 
zinc and Z?j the vapor density of zinc (65), P^ is the partial pressure 
of mercury (20 mm.) and D^ its vapor density (200). Taking 1:10* 
as the ratio of zinc to mercury in the distillate we have : 

I : ID** : ; /^i X 65 : 20 X 200, 

from which /^j = 0.00006 mm. This pressure of 0.00006 mm. is 
the calculated vapor pressure of zinc some 220° below its melting 
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point (419°), for the temperature in the still was about 200°. 
Although no great accuracy can be claimed for this result, never- 
theless it is interesting as giving an idea of the vapor pressure of a 
metal in the solid state. The above results show that not only zinc 
but also zinc amalgam gives a measurable vapor pressure of zinc at 
200°, and further that the Weinhold still does not completely 
remove zinc from mercury. 

The Method of Detecting a Trace of Zinc in Mercury. 

A trace of zinc has an extraordinary effect on the electromotive 
force of a mercury electrode. This fact is the basis of the method 
developed for testing the distillates mentioned above. In the 
previous work the combination Hg | H^O COjHgO | Zn was used 
and saturated with COj at 25°, gave an e.m.f. of 1.445 volts. This 
cell was very constant and on replacing the mercury by an amalgam 
containing only i part of zinc to 10^ or 10® parts of mercury, a 
slightly lower e.m.f. was noticed. We have tested a number of 
combinations and find two which give some quantitative knowledge 
of the amalgams. The combination, Zn-amalgam | ZnSO^ (saturated 
solution) I Zn-amalgam, allows us to calculate the concentration of 
one amalgam if we know that of the other and determine the e.m.f. 
Richards and Lewis (Zeitsch. f. Phys. Chem., 28, i, 1899), have 
shown that the theoretical and observed values for zinc and cadmium 
amalgams of moderate concentration are in very good agreement. 
For dilute amalgams we find the following values : 

1 : 10» Zn-amaigam | ZnSO^ | 1 : 10* Zn-amalgam 
1 : 10* Zn-amalgam | ZnSO^ | 1 : 10^ Zn-amalgam 
1 : 10^ Zn-amalgam | ZnSO^ | 1 : 10^ Znamalgam 

The measurements were made at 25° and the calculated values 
obtained from the well known equation 

RT ^ a 

;r = — In ^. 
ne 63 

These interesting deviations will receive further attention, but for 
our purpose the combination serves to give an idea of the concen- 
tration of zinc up to I : IO^ The samples of the distillate from the 



Observed. 


Calculated. 


0.02920 volts 


0.02924 volts 


0.04366 


0.02924 


1.1430 


0.02924 
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Weinhold still were now examined by comparing them with a 
I : lo* amalgam in an //cell with a saturated zinc sulphate solution 
as electrolyte. All of the samples up to no. 26 were cathode 
against a i : 10* amalgam, giving a e.m.f. of from 1.15 to 1.17 
volts. It will be seen that this indicates a greater dilution than 
I : 10^. In testing the samples which were collected after zinc 
separated in the still, nos. 27, 28 and 29, it was found that no. 27 
and 29 gave 1.140 and 1.44 volts respectively when compared with 
the I : I o* amalgam showing a Zn-amalgam of almost exactly i : 10*. 
The sample no. 28 contained so much more zinc than any other 
sample (i part to 5,000 parts of mercury), that it was disregarded 
in calculating the vapor pressure of zinc. 

In testing the very dilute amalgams a method was used in which 
they were compared with pure mercury. The electrolyte chosen 
was that of the calomel electrode (a molecular solution of potassium 
chloride saturated with mercurous chloride). This combination, 
dilute Zn-amalgam | KCl.HgCl | mercury, was first tried in the 
//"-cell used above, but there were so many disturbances that it was 

quite impossible to get constant 

O readings. It seemed probable 

^ ^ that the difficulty was due to 
\ \-_ -iciJI changes in the thin layer of elec- 
h trolyte which creeps down be- 

tween the glass and electrode. 
Pj J The area of this layer is large 

and if changes occurred it would 
be slow to come to equilibrium with the main portion of the elec- 
trolyte. The following form of cell was devised to obviate this 
difficulty. 

Fig. I represents a crystallizing dish in which are two little 
mounds of paraffine 5 mm. high and 25 mm. across and with very 
slightly concave tops. Two platinum contact wires were passed 
through little holes in the bottom of the dish and extended up I 
mm. through the paraffin. The bottom of this dish was covered 
with mercury which surrounded the paraffin mounds and gave them 
the appearance of two little islands. The clear electrolyte (it is 
important that all solid mercurous chloride be excluded) was poured 
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over all, and it was mechanically stirred to insure its being in equi- 
librium with mercury. If the platinum wires were clean they 
showed no e.m.f. and the cell was ready to receive the electrodes. 
Experience showed that it was best to introduce the electrodes 
(mercury or amalgam) with little glass ladles which enabled us to 
bring the mercury or amalgam onto the little islands in the form of 
single globules. This point was important, as other methods of 
introducing the electrodes produced many Httle globules, and when 
these globules united to form larger ones marked changes in the 
e.m.f. appeared. The little ladles were made by. cutting off the 
bottom of test-tubes and fusing on glass handles* To avoid the 
coating that collects on amalgams, the sample was drawn up into 
httle pipettes and about i c.c. run into the ladle. The sample was 
clean and bright and could be brought onto one of the islands in 
the form of a single globule which was some 25 mm. across and 
presented a relative large surface to the electrolyte. Preliminary 
tests were made with pure mercury (our pure mercury was purified 
in the wet way and then distilled five times in the still described 
below). Two globules of this mercury were simultaneously placed 
on the little islands. The galvanometer was unsteady, showing a 
slight e.m.f. first in one direction and then in the other, but after 
half an hour, or less if the solution was stirred, the galvanometer 
came to rest at zero. When we now removed one of the globules 
and introduced another of the same pure mercury a decided e.m.f. 
was observed. The globule last introduced became cathode by 
0.00070 volt and increased to a maximum of 0.00280 volt, and 
then, in about half an hour, the e.m.f. disappeared. Evidently it 
takes some time for mercury to come to equilibrium with an electro- 
lyte ; perhaps the Helmholtz double layer does not form as rapidly 
as supposed. These results showed that it was necessary, for our 
purpose, to introduce the mercury and the amalgam simultaneously, 
and measure the e.m.f. at intervals for half an hour. In this man- 
ner the cell was tested with amalgams of known concentrations. 
An amalgam containing i part of zinc to 10® parts of mercury 
showed a maximum of 0.00077 volt against pure mercury. The 
1 : 10^ amalgam showed 0.00037 volt, and a i : 10*® zinc amalgam 
showed 0.000 10 volt. This value for the i : 10*^ amalgam was sonie- 
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what uncertain, but the behavior was distinctly different from that of 
pure mercury. One can with certainty detect one part of zinc in 
ten billion parts of mercury and it is undoubtedly the most delicate 
method known for detecting a trace of one substance in another. 

With this cell we tested the samples of the distillate collected 
from the Wdnholdt still. The purest contained i part of zinc to 
i& parts of mercury, and most of the samples up to no. 26 were 
1:10^ amalgams. This is in good agreement with the results of the 
first method of testing these samples. Certain it is that as soon as 
zinc was introduced into the Weinholdt still it at once appeared in 
the vapor and in the distillate. Zinc amalgam was now distilled 
under diminished pressure and with air bubbling up through the 
amalgam in the still, as described below. The distillation was carried 
on until zinc had separated from the boiling amalgam. The last 
portions of the distillate were dirty looking, due to a slight coat of 
oxide of zinc, but when filtered through a pin-hole the mercury was 
perfectly bright and behaved the same as our test mercury, that is, 
it must have contained less than i part of zinc to 10*^ parts of 
mercury. 

The foregoing experiments show that zinc readily distills over 
with mercury and we can safely assume that what is true of zinc 
is also true of cadmium, lead, tin, bismuth, and probably of copper. 
Krafld, 1. c, has shown that in a vacuum zinc begins to volatilize 
at 184® to such an extent as to deposit a decided mirror on the 
colder parts of the chamber. For cadmium this phenomenon was 
observed at 156®, for lead at 335®, for bismuth at 268®. We 
cannot expect to completely remove these volatile metals by dis- 
tilling, either in a vacuum still or under atmospheric pressure, 
where the air is soon completely replaced by ,the vapor, but if 
air is passed through with the vapor, these metals are oxidized and 
thus completely removed. It seems that this is accomplished 
in the method of distilling mercury proposed by Hulett, 1. c. 
Air was slowly bubbled up through the boiling mercury to pre- 
vent bumping, and now it seems that the oxygen of this air plays 
the further important role of oxidizing the metals that get into the 
vapor. 

The still is comparatively simple and can be constructed from 
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apparatus to be had in any laboratory. Experience has suggested 
several modifications of the still proposed in 1900. and we will add 
a detailed description. A good distilling flask with round bottom 
and long neck is chosen and a tube {A\ Fig. 2, 10 mm. diameter 




and about 10 cm. long is sealed onto the neck above the side tube. 
Through this tube {A) fits the tube {B), which is drawn to a capillary 
that extends down to the bottom of the distilling flask, and on the 
upper end of this tube is fitted a piece of rubber tubing and a pinch 
cock {F) to regulate the rate at which the air bubbles up through the 
mercury. The joint between (A) and {B) is made air-tight by a rub- 
ber tube that slips tightly over both tubes. All this part is above 
the asbestos mantle {DD') and never gets even warm. The flask is 
placed in a sand bath (d7) and is surrounded by an asbestos mantle 
{Diy), and this asbestos mantle is covered by pieces of asbestos. 
The delivery tube is cut off" just outside the mantle and a thin-walled 
tube (-£), 2 cm. in diameter and about 50 cm. long is sealed on, an 
operation that can be readily performed with a dentist's hand blow- 
pipe. We have found that a condensing tube of the above dimen- 
sions is most effective and allows a very rapid distillation. The 
condensing tube ends in a narrow tube that bends down and passes 
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through a cork into a receiving bottle or flask {R). Through a 
second hole in this cork passes a tube which is joined by a rubber 
tube to an aspirator. It is best to use a common cork and make it 
air-tight with sealing wax. If a rubber cork is used and the distil- 
lation becomes too rapid, the vapor may condense in the tube pass- 
ing through the cork, melt the rubber and produce unpleasant 
results. In the tube leading to the aspirator is inserted a T-tube 
and cock (G) that serves to relieve the vacuum in the system when 
it is desired to diminish the rate of distilling on starting the still. 
The still is charged, the tube {B) adjusted and the bunsen burner 
(H) is lighted. The aspirator is then started and the screw 
pinch cock {F) is adjusted so that air bubbles through the mer- 
cury at the rate of one or two bubbles a second. The rate of dis- 
tillation is liable to be very rapid at first, due to superheating, but 
it can be readily checked, if the pressure is increased in the system, 
by admitting a little air through the cock (C). The flame is 
regulated until the rate of the distillation becomes steady and the 
condensation is taking place along the greater part of the tube (-£). 
If the burner gas pressure is constant and the aspirator maintains a 
constant vacuum, the still will need no further attention and the 
distillation may proceed to completion. One may distill several 
kilograms and in a much shorter time than with the Weinhold still 
and distill it completely, or a very small amount may be distilled. 
The temperature, with a 20 mm. vacuum, is about 2CX)°. To 
furnish the heat one could construct an electric furnace that would 
keep a very uniform temperature. One may distill at atmospheric 
pressure and force air through the tube {B), but then the tempera- 
ture required would be 360®. 

Instead of a flask for collecting the distillate one may seal on a 
long delivery tube, extending down from the end of the condensing 
tube {E) some 80 cm., and then bending up again (Fig. 3). This im- 
provement, suggested by Minchin, avoids the use of a cork. The 
aspirator connection may be made at the lower end of the con- 
densing tube (£), or from the neck of the distilling flask by sealing 
a side tube onto the tube {A). This makes the apparatus more 
fragile, but the joints can be readily made if the hand blowpipe, 
mentioned above, is used. 
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It is a comparatively easy matter to distill mercury and obtain it 
in an exceedingly high degree of purity. The metals that are not 
readily oxidized : silver, gold and platinum, have high melting 




r 



Fig. 3. 



points and probably require corresponding high temperatures to vola- 
tilize them, while oxidizable metals need not be feared if distilled as 
above. 

To purify mercury in the wet way it is best shaken in a separatory 
funnel with a molecular solution of mercurous nitrate in nitric acid. 
Shake for about one half hour, then run into another separatory 
funnel containing distilled water, and finally through a pin hole in a 
filter paper. This does not remove metals completely, but gives a 
very pure product. 

We have tested the well known method of V. Meyer, u ^., letting 
mercury fall in a fine stream through a meter column of nitric acid. 
A I : I, GOO zinc amalgam was thus treated, but it still contained much 
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zinc ; and even after being passed through seven times, zinc was de- 
tectable. Most other metals have a less solution pressure than zinc, 
so, for their removal, this method is even less favorable. 

An excess of Hg^O^ in sulphuric add i:io forms a good solu- 
tion for removing impurities if shaken with the mercury for a 
sufficient time. It is best to employ a mechanical shaker or stirrer 
and allow it to run over night. 

Physical Chemical Laboratory, UNivERsrrv of Michigan, and 
Physical Laboratory, University of Rochester, 
August, 1905. 
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USE OF A MAGNETIC FIELD WITH THE RYAN 
KATHODE RAY OSCILLOGRAPH. 

By R. Rankin. 

T^HE effect of a magnetic field with lines parallel to the direction 
-■ of discharge, upon a Crookes tube, is to reduce the terminal 
voltage required to maintain the discharge. This fact has been 
noted and studied by Birkeland, Almy and others.* 

The writer has recently applied this principle to improve the 
operation of the Ryan-Braun tube, as used for the tracing of 
alternating current wave forms. During this work, records of the 
phenomena observed were taken, which, as in part confirming the 
results of the above named physicists may not be without interest. 

The tube used in the investigations is constructed wholly of glass 
and is of the form shown in Fig. i. C is the kathode, a flat alumi- 

Fig. 1. 




Ryan-Braun Tube, Showing Position of Field Coil. 

num disk, and A the anode, a more or less irregular lump of the 
the same metal. D is an aluminum diaphragm closely fitting the 
cylindrical wall of the tube and having at its center a tiny hole 
through which the rays may pass on their way to the screen 5. 
The latter is of transparent mica treated with a calcium sulphide 
coating which fluoresces powerfully when struck by the rays, thus 
showing a clearly defined spot upon its surface. Since the kathode 
rays are deflected by a magnetic field, without measureable inertia, 

1 Almy, Camb. Phil. Pr>c., Vol. ii, p. 182 ; Birkeland, Comptes Rendus, First Sem- 
ester, 1898, p. 586. 
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ft 15 only necessary to mount a set of coils cairymg alternating cur- 
rent at a point just beyond D^ in order to obtain oo the screen a 
graphical representation of the wave form. 

In the practical application of the above method as developed by 
Professor H. J. Ryan, a serious cfifficulty arose from the £u:t that, 
with extended use, the tube vacuum and consequently the neces- 
sary operating voltage increased rapidly, causing leakage from 
terminal to terminal outside the tube, and as a result, a flickering 
and unsteady spot on the screen. This action is mentioned in Pro- 
fessor Ryan's paper to the American Institute of Electrical Engi- 
neers of July 2, 1905. 

Several means for reducing the vacuum have been tried, and the 
tube shown in Fig. i is equipped with the most successful of these. 
This consists of a platinum tube of about a millimeter diameter, 
cemented into the side of the glass wall and projecting in both 
directions from it. The outer end of this tube \s dosed, but the 
inner end is open, so that we have in reality a tiny platinum cham- 
ber connected with the kathode tube. WTien heated to a dull red- 
ness the platinum permits a very small quantity of gas to pass and 
thus reduces the vacuum and the corresponding tube voltage. The 
process is simple and very effective, the vacuum being reduced in a 
few seconds to any desired value. It may be here noted, however, 
that if the reduction goes below the point necessary for the produc- 
tion of kathode rays, no amount of passage of current through the 
tube will restore the vacuum. It will be seen at a glance that, 
since the velocity of the rays is very much greater for higher vacua, 
anything which tends to decrease this vacuum tends to diminish the 
intensity of the indicating spot, although, as previously noted, it 
improves the steadiness. 

It had been noted during the operation of the tube that if a de- 
flecting force in the neighborhood of the diaphragm prevented any 
of the rays from passing the latter, by causing them all to impinge 
against the metal or the glass waW, an immediate rise in voltage 
across the terminals of the exciting Wimshurst machine followed. 
This is contrary to the results found by Willows,' who states that 
below the gas pressure corresponding to minimum volts for a given 

1 Willows, Phil. Mag., Marcb, 1905. 
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tube, a transverse field causes a reduction in the terminal voltage. 
Willows' results were obtained by applying a magnetic field at the 
kathode, and he attributed the voltage drop to an alteration in the 
form of discharge caused thereby. 

In the present case, however, the voltage rise was caused by a 
deflection far removed from the kathode, the deflecting agent being 
a small horseshoe magnet which did not in any way alter the form 
of discharge. It is a significant fact that the san^e magnet acting 
on the rays which had just passed the diaphragm produced no 
effect upon the voltage. 

Birkeland * and Almy,^ working with magnetic fields parallel to 
the direction of discharge, obtained by this method considerable re- 
duction in the voltage required to establish kathode rays in a tube 
of given vacuum. Each attributed the result to an alteration in the 
form of discharge which permitted current to pass more easily. 

It is the intention of the writer to show that in some forms of 
tube a counter E.M.F. may exist, whose removal can be effected by 
magnetic lines which apparently do not alter the form or amount of 
discharge. 

The first experiment was similar to that of Birkeland, who, how- 
ever, used a straight cylindrical form of tube and developed the 
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Fig. 2. 

magnetic field by means of a powerful coil placed just outside the 
kathode, with its axis parallel to the kathode rays. In this 

» Birkeland, 1. c. 
• Almy, 1. c. 
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manner, with the proper value of field, he was able to reduce the 
voltage to one tenth of its normal value. In the present case, 
however, the coil was placed over the tube at the point shown in 
Fig. I. The dimensions of the coil were as follows: 

Size of wire No. 10 B. & S. 

Length mean turn 23.6 in. 

Number of turns 200 

length of coil 3 in. 

Inside diameter of winding 6.5 in. 

Outside diameter of winding 9 in. 

Experiment i was conducted to determine whether the voltage 
drop followed any regular law \ e, g,, whether the effect was directly 
proportional to the strength of the magnetic field. 

The tube was excited from a motor-driven Holtz machine. A 
Kelvin 3 5,000- volt voltmeter was connected across the tube termi- 
nals, the kathode being grounded. The current in the tube was 
measured by a Weston milli-voltmeter, with a maximum scale 
deflection corresponding to about .35 milli-ampere. It was found 
necessary at times to use a shunt with this instrument. The cur- 
rent in the axial coil was measured with a Weston ammeter. 

As the current in the coil was varied, the size of the recording 
spot underwent a continual change, at one time appearing as a 
circle of one or two millimeters diameter and an instant later cover- 
ing the entire screen (12 cm. dia.). With the variations of field, 
also appeared light and dark spots which travelled along the walls 
of the tube, exactly as though the kathode rays were being focused, 
causing the formation of nodes and loops. The position of the spot 
for a given field was steady and its appearance more intense than 
under normal conditions. At very strong fields no rays impinged 
upon the glass walls between kathode and diaphragm. The dis- 
charge could be plainly seen proceeding down the center of the tube 
in a tiny bluish bundle. This bundle, however, exhibited all the 
characteristics of the kathode rays, /. ^., it produced the usual phos- 
phorescence upon the screen, and, upon being deflected by a trans- 
verse field on either side of the diaphragm it produced the charac- 
teristic greenish patch on the glass walls. It is to be especially 
noted that such deflection between kathode and diaphragm, near the 
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latter, produced a rise of voltage, while deflection between diaphragm 
and screen had no such effect. 

In plotting the curve of voljtage drop for a parallel field the axial 
coil was placed two inches from the diaphragm toward the kathode. 
Readings were made of terminal tube voltage and current for vari- 
ous field strengths as expressed in ampere turns on the fixed coil. 
The results of this run are shown in curve I., Fig. 2. It will be 
noticed that the normal tube voltage was 17,500. The tube current 
remained practically constant throughout the wide range of voltages 
obtained. 

In order to check these results, the experiment was repeated, 
using the same apparatus. In the second case, however, the initial 
tube voltage was at the higher value of 24,000 volts. A reversing 
switch was placed in circuit with the magnetizing coil and readings 
with field direct and reversed taken at each value of ampere turns. 
These curves are marked II. and III. in Fig. 2. When taken in 
connection with the observed phenomena the results of these two 
runs are in close agreement. 

The normal tube voltage of curve I. is 17,500. This remained 
sensibly constant up to about 500 ampere turns, when it dropped 
off* very suddenly, reaching the value of 10,000 at 1,000 ampere 
turns and continuing to drop irregularly till the very low value of 
7,000 was reached. 

In the case of the two latter curves, we start with a slightly 
higher vacuum and consequently higher velocity. The drop in 
voltage first occurs at about 1,000 ampere turns, a value rather 
higher than before, but reaches a minimum for the first slope at 
about the same value of ampere turns (2,000) as in the first case. 
Both curves then continue somewhat irregularly down to 7,000 
volts, when all curves are coincident. 

In so far the above results are also in agreement with those of 
Birkeland, who f )unda large voltage drop at a certain ** critical field 
strength," which ** critical field " was greater for higher vacua. 

The difference which exists between the two experiments lies in 
the form of discharge. With the coil placed near the cathode there 
occurred simultaneously with the voltage drop a total disappear- 
ance of kathode rays, the discharge being accompanied by a bluish 
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glow from kathode to anode which exhibited none of the char- 
acteristics of the kathode rays. This fact has been also noted by 
the writer. With the coil at the diaphragm, however, a consider- 
able drop may be obtained without the disappearance of kathode 
rays. Throughout the entire range of voltage covered by the curves 
of Fig. 2 there was a visible spot upon the screen 5. 

A glance at the curves I., II. and III. would indicate that the drop 
in voltage was due to some irregular action of the magnetic field 
upon the conditions governing the generation of the kathode rays, 
which cause them to be established at a lower potential for the same 
tube pressure. Close observation of the behavior of the ray, how- 
ever, does not confirm this, but tends to show that while the voltage 
drop accompanies the field the two are not directly related, the 
former being in reality only a secondary effect. For, the presence 
of a weak magnetic field produced no effect upon the voltage. It 
was only when the field became strong enough to markedly decrease 
the impingement of the rays on the walls of the tube and to direct 
them more nearly toward the center of the diaphragm that any 
drop became noticeable. In the present case at the high value of 
field due to 6,000 ampere turns, the tiny blue bundle of rays could 
be plainly seen up to the diaphragm, the voltage being about one 
third of its normal value. The slightest movement of the coil 
which caused the rays to impinge against the glass wall or to diffuse 
against the diaphragm caused an instant rise of voltage. A second 
experiment illustrates this point even more forcibly. 

A tube was taken of very high vacuum which required for the 
establishment of kathode rays a voltage corresponding to a one- 
and-a-quarter-inch spark between one-inch ball points. Using the 
coil previously described placed just over the diaphragm and a 
field strength of 6,000 ampere turns, no perceptible voltage drop 
could be secured, while no concentration of the rays was observed. 
When, however, the coil was brought to its position near the dia- 
phragm a value of 2.000 ampere turns sufficed to darken the walls 
of the tube in its vicinity and the voltage immediately dropped to 
that corresponding to a spark gap of five-eighths inch. 

We may then sum up the results of the above experiments as 
follows : 



Digitized by 



Google 



No. 6.] BYAN-BRAVN OSCILLOGRAPH. 405 

1. A magnetic field parallel to the path of kathode rays does 
not alter the amount of current taken by a kathode ray tube over 
the wide range of voltage obtainable with such a field. 

2. A large but irregular decrease in the voltage required to pro- 
duce discharge in a kathode ray tube accompanies a strong mag- 
netic field parallel to the direction of the rays. 

3. The direction of the parallel field has no effect on the results. 
It is the opinion of the writer that at least part of the decrease 

in terminal voltage with increasing field strength is not an effect of 
the magnetic lines upon the generation of the kathode rays but is 
caused as a secondary effect. 

Further, that one component of the terminal voltage is in reality 
due to a counter electromotive force resulting from the repelling 
action of those negative particles which collide with the walls of 
the tube and the diaphragm upon those particles which leave the 
kathode just behind them; and that another component of the 
voltage is consumed in maintaining the current under given condi- 
tions of vacuum and tube length. A third component gives to the 
particles their velocity. Also it is believed that the decrease in 
terminal voltage is in part due to the removal of the counter E.M.F. 
by the concentration of these rays in a tiny bundle along the axis 
of the tube and in part due to the reduction of the velocity com- 
ponent^ 

Since in several determinations of the value elm of kathode rays, 
the velocity has been assumed proportional to the square root of 
the voltage, the above separation of the latter into components may 
explain one source of discrepancy which exists between the values 
found by this assumption and those which employ more direct 
measurements. 

The values of e\ni as determined by Kaufman n ^ and Simon * using 
the potential method are 1.86x10^ and 1.865 x 10^ respectively. 

' Almy has attempted to prove the non-existence of counter £. M. F. by forming the 
anode of a hollow cylinder which completely surrounded the kathode, a thick wire. 
Using a magnetic 6eld he was able to still produce a very decisive voltage drop. It will 
be seen at a glance, however, that since a Held parallel to the axis of the tube would be 
perpendicular to a large part of the rays, while a field normal to such axis would be part 
normal and part parallel to these rays, we have a rather complicated action which cannot 
be fairly compared to the present case. 

*Kaufmann, Wied. Ann., 61, p. 544. > Simon, Wied. Ann., 69, p. 589. 
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Wiechert * by comparison with the velocity of light found ejm as 
1.26 X 10^ and J. J. Thompson* by balancing magnetic and electro- 
static forces determined a value of 1.77X lo^ The latter points 
out two possible sources of error in Kaufmann's method : 

1. That it is impossible to assume that the tube potential is the 
potential of the deflected rays since many of the kathode rays are 
known to start from a point beyond the kathode. 

2. That we have no right to assume that some of the electric 
energy is not consumed by collision of molecules. 

The above would indicate still a third objection to the potential 
method, namely the consumption of energy by a counter electro- 
motive force and by the component which maintains current. 

Recent experiments have indicated that the velocity of the rays 
at the reduced voltages due to magnetic field is higher than when 
generated at the same voltage under normal conditions. This point 
has however not been proved conclusively enough to warrant its 
assertion. 

In the use of a magnetic coil to improve the Ryan-Braun tube 
as an oscillograph,* it has been found possible to secure good 
results by using a fairly low number of ampere turns placed close 
to the anode. In this position the coil does not aflect the shape 
of the card on the screen, while the advantages of using it are : 

1. To secure the well defined spot of a rare medium without the 
troublesome flickering due to high voltages. 

2. To secure a more intense spot of light by the direction of 
more rays through the aperture in the diaphragm. 

3. To obtain a means of varying between limits the velocity of 
the ray and therefore the sensitiveness of the oscillograph. 

In conclusion the writer wishes to express his .deep obligation to 
Professor H. J. Ryan and Professor E. Merritt, of Cornell Univer- 
sity, for advice and assistance, without which the above work would 
not have been carried out. 

» Wiechert, Weid. Ann., 69, p. 739. 

'Thompson, Conductivity of Electricity Through Gases, p. 91. 
* A discussion of the kathode ray oscillograph by the writer appeared in the Electric 
Journal for October, 1905. 
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PROCEEDINGS 

OF THE 

American Physical Society. 

Minutes of the Twenty-ninth Meeting. 

A REGULAR meeting of the Physical Society was held in Fayer- 
weather Hall, Columbia University, New York City, on Saturday, 
October 28, 1905. President Barus presided. 

The society adopted the following minute expressive of the great 
loss sustained by itself and by the world of science in the death of our 
Vice President, our colleague and our friend. Professor DeWitt Bristol 
Brace, on October 2, 1905. 

It was under the shadow of this bereavement that the autumn meeting 
of the society was convened — a bereavement which is a personal one to 
nearly every member of the organization. A frequent contributor to the 
program, a vice president of the Society, a charter member, and the 
genial friend of every other member. Professor Brace will be long and 
keenly missed by everyone of us. For not only have our proceedings 
been enriched by his contributions to knowledge, but those in attendance 
upon our meetings have always been inspired by his devotion to pure 
science, by his clear grasp of the vital connection between fact and 
theory, and by his experimental skill. 

Bom at Wilson, New York, on January 5, 1859, ^^ ^^^^ ^^s bachelor's 
degree at Boston University in 188 1, at the same time specializing in 
physics at the Massachusetts Institute of Technology. In his graduate 
work, he had the good fortune to come under the influence of Rowland 
and Helmholtz, with the latter of whom he took his doctor's degree. 
Two years of mathematical physics with Kirchhoff were also a potent 
factor in his development. 

His researches, covering a wide range of optical subjects, are described 
mainly in Wiedemann^ s AnnaUny the Philosophical Magazine ^ the Astro- 
physical Journal and the Physical Revinv, during the twenty years fol- 
lowing 1885 when his doctor's dissertation appeared in the first mentioned 
periodical. 



Digitized by 



Google 



rilE AMERICAN PHYSICAL SOCIETY, [Vol. XXI. 

M -au wete associated with him as students at Baltimore and Ber- 
.ac •^au iiave worked with him as colleagues in the University at 
■ „. .:o6«: atudents who have come under his guidance in the labora- 

.uoMt who have accepted the generous hospitality of his home, 

- — .oiirauoa of the fine qualities of mind and the high ideals which 

... j.k ouce a successful teacher and an effective investigator. 
. .^oui2>cy was innate ; his courtesy, never failing ; his energy and 
...c>» ^.. ;>urpose, a powerful stimulus to all who knew him. 
- ...owiug papers were presented : 

--lUiuurd Ceils with Electrolytic Mercurous Sulphate as Depolar- 
oo. A. Hulett. 
-^.e Phenomena of Ionization in Flame Gases and Vapors.** 

IS. 

.i:>uuu)eQts and Methods Used in the Magnetic Survey of the 
ai„iiic Ocean by the Carnegie Institution of Washington.** L. A. 

ne Transmission and Reflection of Electric Waves by Screens of 
^. ....i:> and Grids/* F. C. Blake and C. R. Fountain. 

.le Nucleation of Dust-free Air, Energized or not, Observed at 
.v>.*ciy Increasing Supersaturation.*' Carl Barus. 

. le L^uration of the After Glow Produced by the Electrodeless 
. ^ ^v./ C. C. Trowbridge. 

. ^ L^ccay of Phosphorescence in Sidot Blende." E. L. Nichols 
:'»v>; Merritt. 
. h: Conductivity of the Air due to the Sulphate of Quinine.** 
x)*i Gates, 
. itt Conductivity of the Vapor from a Mercury Arc." C. D. 

I he Construction and Measurement of Standards of Inductance. * * 

' I*Ttjliminary Report on a New Determination of v^ the Ratio of 
.t\..ia-niagnetic and Electro-static Units.*' E. B. Rosa and N. E. 

. c-accuient was made that the annual meeting of the Society would 
I..V. \ Vw York City, December 29-30, 1905. 

Ernest Merritt, 

Secretary. 
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The Phenomena of Ionization in Flame Gases and Vapors.* 

By F. L. Tufts. 

THE paper presented the results of a large number of measurements 
made on the relation between ionization in the ordinary gas flame, 
the rate of consumption of gas by the flame and the character of the flame. 

The results were also given of measurements made for the purpose of 
determining the possibility of obtaining a saturation current through the 
flame and also the relative rates of production of ions in the different 
parts of the flame. 

The last part of the paper contained the results of measurements made 

for the purpose of determining the conductivity imparted to the different 

parts of the flame by the vapor of sodium chloride and also the relation 

between the conductivity of the vapor an^ the conditions under which it 

was introduced into the flame. 



The Transmission and Reflection of Electric Waves by 
Screens of Resonators and by Grids.* 

By F. C. Blake and C. R. Fountain. 

1. The source of the waves was a Righi vibrator placed horizontally 
in the focal line of a parabolic mirror. The detector was an iron-con- 
stantan KlemenCiC receiver similarly placed. A second receiver was 
used as a check. Both were tuned, their length being 4.0 cm. when 
tuned. The principal wave-length of the radiation employed was meas- 
ured by means of an interferometer and found to be 9.8 cm., the di- 
ameter of the spheres of the vibrator being 0.952 cm. 

2. The reflection and transmission of screens of tin-foil resonators in 
air were determined , as the length of the resonators was constantly les- 
sened. For the case where the resonators were three centimeters apart 
sidewise, /. ^., in a direction perpendicular to the electric force or to the 
axis of the vibrator, maximum resonance was obtained for a length 
5.3 cm. 

3. The same measurements were repeated for resonators on glass and 
the effect due to different distributions of resonators was studied. A 
variation in the distribution end-on, /. ^., parallel to the electric force, 
altered the percentages of transmission and reflection but did not affect 
the resonating-length. A variation in the distribution side-on, /. ^., 
perpendicular to the electric force changed the length for maximum 

» Abstract of a paper presented at the meeting of the Physical Society held on October 
28, 1905. The paper itself will appear in a later number of the Physical Review. 
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resonance or the resonating-length. This effect proved to be an inverse 
one, an increase in the side-on distance between resonators, causing a 
decrease in the resonating-length. It was noticed that for a side-on dis- 
tribution ranging from 2 to 7 cm. (^ ^ to ^ i, about), the glass, when 
covered with strips whose length was twice that for resonance, reflected 
less than when bare. This indicates a lessening in the index of refrac- 
tion of the glass, a phenomenon that finds a possible explanation in the 
Ketteler-Helmholtz dispersion theory. 

4. The reflection and transmission of grids (continuous strips) in air 
and on glass were measured and then the grids were cut into resonators 
and the reflection again determined. For the distribution 3 cm. side-on 
the reflection was for air twice, for glass ten times as great as for the 
uncut strips. 

5. The reflection and transmission of grids of wire (B. and S. No. 34) 
were determined, a grid with wires 2.5 cm. reflecting 100 per cent. 

6. It was estimated from data obtained in the progress of the work 
that the free resonator-length in air would not be far from ^ X, support- 
ing Poincar6*s value of 2 for the ratio between wave-length and resonator- 
length, while MacDonald's value of 2.53 seems more nearly to hold for 
the ratio between wave-length and receiver-length. 



The Duration of the Afterglow Produced by the 
Electrodeless Discharge.' 

By C. C. Trowbridge. 

THE purpose of the investigation was to study the duration of the 
glow that often appears after the cessation of the electrodeless 
discharge in gases at low pressures. Measurements made thus far on 
the duration of the glow in air show a maximum of duration between 
.15 and .02 millimeter pressure, also that this maximum point varies 
with the electrical conditions of the experiment. It was determined that 
there is a critical point between 0.7 and .3 millimeter pressure where the 
glow is only occasionally formed, after which as the pressure is further 
reduced, the duration of the glow increases rapidly to the maximum. 

A study of the duration of afterglow under various conditions has 
shown that smooth curves can be readily obtained showing the variation 
of the duration of the afterglow with change of pressure of the gas. It 
has been found that the maximum of duration of these curves, when the 
electrical intensity is small, is at the same pressure approximately as the 

1 Abstract of a paper presented at the meetiog of the Physical Society held on 
October 28, 1 905. 
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minimum sparking potential of the electrodeless discharge, or the point 
at which the discharge is most easily started. Also, when the frequency 
of the discharge is altered by a change of capacity, the position of the 
maximum point of the duration curve is altered to correspond to the dis- 
placement of the minimum sparking potential of the discharge. 

Lengthening the spark gap and thereby increasing the electrical in- 
tensity inside of the vessel in which the discharge takes place changes the 
form of the duration curve, and when the electrical intensity is thus in- 
creased above a certain amount, the curve obtained is completely altered 
in form. The electrodeless discharge was also made to take place in a 
vessel at liquid air temperature and it was found that the afterglow 
accompanying the discharge was diminished considerably in duration and 
intensity at the low temperature of about — 186® C. When the afterglow 
in the rarefied air is allowed to diffuse into a vessel cooled to liquid air 
temperature, the duration curve is displaced some distance towards the 
higher pressure and is changed in form, other conditions being the same ; 
otherwise, the duration of the afterglow, which in the experiment was 
approximately thirty seconds, was found to be little different than when 
the air is at normal temperature. That a long-enduring glow can be 
obtained at the low temperature of liquid air and a pressure approximately 
one-tenth of one millimeter is obviously important in its bearing on 
problems of astrophysics. 

The Decay of Phosphorescence.* 
By E. L. Nichols and Ernest Merritt. 

IN considering the decay of phosphorescence from the theoretical stand- 
point the authors have adopted in its general form the theory of 
luminescence proposed by E. Wiedemann and Wiedemann and Schmidt, 
in which it is assumed that dissociation of the active substance is pro- 
duced during excitation and that the recombination of the products of 
this dissociation is accompanied by the emission of light. For reasons 
stated in a previous paper the authors think it probable that this dissoci- 
ation is similiar to that produced in gases by Roentgen rays, rather than 
to chemical or electrolytic dissociation of the ordinary kind. 

Stokes' Law is explained by the fact that the ions formed are more 
strongly attracted to the molecules of the solvent than were the original 
neutral molecules, so that recombination will usually occur when the ions 
are close to the solvent molecules. The vibrations set up on recombi- 
nation are therefore of longer period than those natural to the free mole- 

> Abstract of a paper presented at the meeting of the Physical Society held on 
October 28, 1905. 
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cule of the active substance. According to this view Stokes' Law is not 
to be looked upon as exact, but rather as expressing a general relation be- 
tween the regions of excitation and emission. An overlapping of the 
luminescence spectrum and the absorption spectrum, such as has fre- 
quently been observed, is to be anticipated. 

The authors show that the modified theory of Wiedemann and Schmidt 
also accounts satisfactorily for a number of other general laws of lumines- 
cence, e,g,^ the fact that luminescence light is unpolarized, even when 
excited by polarized light ; and that the luminescence spectrum (in the 
case of a single band) is independent of the wave-length of the exciting 
light. 

The simplest hypothesis regarding the rate of recombination of the 
ions in a luminescent substance is that which has been applied to the 
case of ionization in gases. If n is the number of positive ions present at 
any time /, we have 

.-.^ = ^ + 0/, 
n n^ 

and since the intensity of the phosphorescence light is proportional to the 
number of recombinations per second, /. ^., to a«' 



u-) 



Observations made on the phosphorescence of Sidot blende are in com- 
plete agreement with this law for 7 seconds. The constant k\&z. func- 
tion of the wave-length of the particular region of the phosphorescence 
spectrum that is being studied. But the ratio afb should be independent 
of k for 

a I ^'^_ ' 

Observations made at three different wave-lengths gave for ajb the three 
values, 1.75, 1.73 and 1.65. 

The above simple law of decay does not hold throughout the whole 
time of phosphorescence. After ten or fifteen seconds the decay is found 
to be more gradual than that corresponding to the above expression for /. 



Digitized by 



Google 



No. 6.] THE AMERICAN PHYSICAL SOCIETY, 413 

The results oiay perhaps be looked upon as indicating a gradual decrease 
in the constant a, which change is to be anticipated on the basis of the 
modified dissociation theory. The long time phosphorescence of Sidot 
blende is now being studied. 



The Conductivity of the Vapor from a Mercury Arc.^ 
By C. D. Child. 

AN investigation of the space in the neighborhood of a mercury arc 
has shown the following facts. The vapor coming from a mercury 
arc is highly conducting. A luminous space gradually spreads out from 
the arc and the front of this region has the greatest conductivity and the 
greatest luminosity. This conductivity is not due directly to ions 
coming from the arc, nor to rays sent out by it. It is not due to any 
leakage over the surface of the glass. It is probably not due to the high 
temperature of the gas. 

A probable explanation is one suggested by Professor Ernest Merritt, 
/. ^., that when the ions first recombine they are in a condition of un- 
stable equilibrium, much like the atoms of radio-active matter and that 
many of these combinations break up again into positive and negative 
ions. 

There is an e.m.f. between electrodes inserted in different parts of 
the tube, which is possibly due to the more rapid diffusion of the negative 
ions. 

1 Abstract of a paper presented at the meeting of the Physical Society held on October 
28, 1905. 
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